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ABSTRACT 

Although a lot of research was conducted on dendritic polymers, our 

understanding of their structure-property is still limited. Our previous study, which 

focused on a family of dendritic polymers based on 2,2-bis(hydroxymethyl) propionic 

acid (bis-MPA) as a monomer, discovered unique hydrogen bond organizations 

contributed by their dendritic structures. However, the influence of the H-bond 

organization on bulk properties has yet to be understood. The goal of this dissertation is 

to elucidate the correlation between the H-bond organization with the dielectric and 

volumetric properties of bis-MPA based dendritic polymers, with an emphasis on 

developing a fundamental understanding of to what extent structural irregularity affects 

the bulk properties of dendritic polymers.  

Chapter I of the dissertation provided a background of dendritic polymers with 

special focus on those based on bis-MPA, the formation of hydrogen bonding, H-bonded 

clusters, and the H-bond mediated mesophase in bis-MPA based dendritic polymers, and 

a brief introduction of dielectric spectroscopy. In Chapter II, the chemical nature, the 

formation of hydrogen bonding, volumetric, and thermodynamic properties of a bis-MPA 

based dendrimer and hyperbranched polymer (HPB) were carefully analyzed and 

compared. In chapter III, the gamma-relaxation of both the dendrimer and HBP was 

investigated via dielectric spectroscopy, where unique dielectric properties, such as high 

dielectric constant, were observed, especially for the dendrimer. Via molecular dynamics 

simulation, unique dielectric properties were ascribed to the formation of the H-bonded 

clusters. In chapter IV, combined with dynamic mechanic analysis, the relaxation of both 

the dendrimer and HBP detected at high temperatures by dielectric spectroscopy was 
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ascribed to the proton hopping through hydrogen bonds via the Grotthuss mechanism. 

The influences on H-bonded clusters on the proton hopping process were also analyzed. 

In Chapter V, the study of the correlation between hydrogen bonding formation and bulk 

properties was extended to a linear copolymer system based on dimethanol-

functionalized norbornene. It was discovered that the formation of hydrogen bonding, 

which is affected by the stereochemistry of the monomer, plays an important role in 

defining the gas barrier property of the copolymers. 
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CHAPTER I - RESEARCH BACKGROUND 

1.1 Introduction 

Dendritic polymers drive a lot of research interests on their structure-property 

relationships due to their unique properties such as interior cavities, low viscosity, and 

high solubility as compared to their linear counterparts.1-4 Dendrimers and hyperbranched 

polymers (HBPs) are the two main subclasses of dendritic polymers. Since the 

preparation of the monodispersed dendrimers requires a lot of synthetic efforts, HBPs 

were utilized as the cheap substitutes of dendrimers in many applications involving large 

quantities of materials due to their lower cost of synthesizing.5 Thus, an understanding of 

how the properties of HBPs different from those of dendrimers, is imperative.  

Among various dendritic polymer systems, one class of dendritic polymers based 

on 3-hydroxy-2-(hydroxymethyl)-2-methyl propionic acid (bis-MPA) has received 

particular interests.6, 7 Previous studies have revealed the formation of hydrogen-bonded 

clusters and hydrogen bond mediated mesophase in bis-MPA based dendritic polymers, 

and their relationship with the volumetric properties, however, the corresponding 

experimental study on dendrimers has yet to be completed. On the other hand, dielectric 

studies conducted on bis-MPA based HBPs demonstrated that secondary relaxation 

processes were strongly affected by hydrogen bonding interaction in systems. However, 

how H-bonds define the secondary relaxations has not been well explained. There should 

be a correlation between the dielectric relaxations and hydrogen-bonded clusters, which 

needs to be carefully studied. The purpose of this dissertation was to elucidate the 

correlation between the H-bond organization with the dielectric and volumetric properties 

of bis-MPA based dendritic polymers, with an emphasis on developing a fundamental 



 

2 

understanding of to what extent structural irregularity affects the bulk properties of 

dendritic polymers. 

 

1.2 Dendritic polymers 

Dendritic structures are one of the most prevalent topologies in both abiotic 

(lighting patterns, snowflakes) and biological systems (trees, nerve cells). However, they 

were introduced into the synthetic polymer world only about four decades ago as one of 

the four main classes of polymer structural organization along with linear, cross-linked, 

and chain-branched architectures.8,9 Dendritic polymers are now defined as highly 

branched, starburst-shaped macromolecules with nanometer-scale dimensions. With their 

three-dimensional core-shell structures, dendritic polymers exhibit unique properties, 

such as interior cavities, low viscosity, and high solubility, as compared to their linear 

counterparts, which drive a lot of research interests on their structure-property 

relationships.1-4 

Among the broad range of dendritic structures that have been reported, 

dendrimers and hyperbranched polymers (HBPs) are the two main subclasses.8-10 

Dendrimers are perfectly monodispersed molecules with regular branching structures. As 

shown in Figure 1.1, the structure of a dendrimer is defined by three components: a 

central core, interior layers (generations) composed of repeating units, and an exterior 

surface composed of numerous functional groups.11 The first polymeric dendrimers, 

poly(propylene imine) (PPI), were synthesized by Vögtle’s group in 1978.12 However, 

the discovery of true monodispersed ‘core-shell-periphery’ dendrimers is credited to 
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Tomalia’s group, who reported on the synthesis of poly(amidoamine) (PAMMA) 

dendrimers, and Newkome’s group who reported on the synthesis of “arborol” systems, a 

synonymous term for dendrimers in 1985.13, 14 The well-controlled molecular size, shape, 

and disposition of functionalities of dendrimers make them ideal candidates for 

applications in sensing and nanomedicine.15-18  

 
Figure 1.1  Schematic presentation of an (A)dendrimer, a (B) hyperbranched polymer. 

Dendritic (D), terminal (T), and linear (L) structural unit types are shown to the right. 

 

Since labor-intensive procedures are typically required for synthesizing 

monodispersed dendrimers, hyperbranched polymers (HBPs), which can be prepared 

more easily, often using the one-pot approach, have received increasing interests.19 In 

contrast to dendrimers, HBPs are poly-dispersed molecules with randomly branched 

structures.3, 8, 9 With their irregular structures being halfway between linear and perfectly 

branched structures, hyperbranched macromolecules retain the main features of dendritic 

macromolecules and show properties intermediate to those of dendrimers and linear 

polymers.10, 20 The first two classes of HBPs are the polyphenylene-based HBPs 

synthesized by Kim, etc. and the polyester-based HBPs prepared by Hawker, etc. in the 
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early 1990s.19, 21 Due to their simple one-pot or pseudo-one pot synthetic methods, HBPs 

have found broad applications in industrial fields like coatings as well as high-tech fields 

like drug delivery. 17, 22, 23 

To better describe the branching perfection of the HBP structure, the average 

degree of branching (DB) was introduced. DB was defined by Frechet and Frey as: 

𝐷𝐵𝐹𝑟𝑒𝑐ℎ𝑒𝑡 =
𝐷 + 𝑇

𝐷 + 𝐿 + 𝑇
 

  

𝐷𝐵𝐹𝑟𝑒𝑦 =
2𝐷

2𝐷 + 𝑇
 

  

where the D, T, L is the molar fraction of the dendritic, terminal, and the linear units 

respectively in a polymer system based on AB2 monomers (Figure 1.1).19, 24 Despite the 

different definitions, DB for HBPs is between 0 and 1, and that for perfect dendrimers 

equals to 1. The definition by Frey was used in this dissertation as it was suggested to be 

more accurate for low-molar-mass HBPs. 6, 24 

 

1.3 Bis-MPA based hydroxylated hyperbranched polymers and dendrimers 

Among various dendritic polymer systems, one class of dendritic polymers based 

on 3-hydroxy-2-(hydroxymethyl)-2-methyl propionic acid (bis-MPA) has received 

particular interests.6, 7 As bis-MPA is chemically stable to decarboxylation and 

dehydration and readily available in bulk quantities, it has been extensively utilized as the 

building block for dendritic polymers. Efficient syntheses have been reported for both 

bis-MPA based HBPs and dendrimers via the one-pot method and the iterative method 

respectively. 25-28 Since both bis-MPA based HBPs and dendrimers show high solubility, 

biocompatibility, and biodegradability, they have been proposed for a range of 
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biomedical applications.22, 23, 29, 30 Meanwhile, the bis-MPA based HBPs have been 

commercialized by Perstop® since the early 1990s and sold under the trade name 

BoltornTM, to the market for many industrial applications, in particular for coatings. 17, 31, 

32 

 

Figure 1.2 Schematic of the chemical structure of a second-generation hyperbranched 

polymer (H20) and perfect dendrimer, which are both based on a PP50 core and a bis-

MPA branching monomer. Dendritic (D), terminal (T), and linear (L) structural unit 

types are shown to the right. 

 

1.3.2 Bis-MPA based HPBs 

The 2nd pesudogeneration Boltorn HBP is termed as BoltornTM H20, where 2 

stands for 2nd generation. The structure of BoltornTM H20 was shown in Figure 1.2, in 

comparison with its dendrimer analog. Both structures feature bis-MPA repeat units and 

an asymmetric, tetra-functional PP50 (ethoxylated pentaerythritol) core. Dendritic (D), 
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terminal (T), and linear (L) structural unit types are also displayed in Figure 1.2. Using 

the definition by Frey, the DB of H20 was determined as 0.26.6 

Boltorn HBPs are usually synthesized via a pseudo-one-pot method where 

stoichiometric amounts of bis-MPA for each theoretical dendrimer generation are added 

step wisely.25, 26 As shown in Scheme 1.1, corresponding amounts of bis-MPA monomers 

for the first generation are firstly added to react with the PP50 core. After completion of 

the first generation, a new portion of the bis-MPA monomers corresponding to each 

successive generation is added to the resulting reaction mixture. 

 

Scheme 1.1 Pseudo-one pot synthesis of Boltorn hyperbranched polymers based on an 

ethoxylated pentaerythritol (PP50) core and bis-MPA repeat unit.  

 

The multifunctional core is used for controlling the polydispersity and preventing 

gelation. In addition to the PP50, tris(methylol) propane (TMP) is also commonly used as 

the core for preparing bis-MPA based HBPs. Since the melting point of PP40 and TMP is 

way below the reaction temperature, the bis-MPA monomer, of which melting point is 

above 180°C, will be phase-separated from the reaction mixture until the reaction 
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proceeds.33 This leads to slow monomer addition. Other than the commonly used PP50 

and TMP, di(trimethylolpropane) (Di-TMP), pentaerythritol (PE), 1,3,5-tris(2-

hydroxyethyl) cyanuric acid (THECA), and glycerol were also employed as the core 

molecules for bis-MPA based HBPs ( Figure 1.3).34-36  

 

Figure 1.3 Structures of different core molecules used in the synthesis of bis-MPA 

based HBPs. 

 

1.3.3 Bis-MPA based dendrimers 

In contrast to bis-MPA based HBP, which are polydispersed and require no 

workup, dendrimers require robust chemical reactions for addition, protection, and 

deprotection coupled with tedious purification procedures. Though several fast and 

convenient synthetic routes have been developed for bis-MPA based dendrimers, they are 

only available on a multi-gram scale.7, 28, 37 The availability of both polymers explains 

why the structure-property relationships of bis-MPA based HBPs have been widely 

studied however corresponding researches on dendrimers are usually missing.  
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Shown in Scheme 1.2 is the divergent synthetic approach designed by Ihre, etc., 

where the diol groups of bis-MPA are firstly protected by reacting with benzaldehyde 

dimethyl acetal catalyzed with p-toluenesulfonic acid (TSOH) in dry acetone. Then, the 

anhydride product (ii) will be prepared by self-condensation of the compound (i) in 

methylene chloride (CH2Cl2) in the presence of a coupling agent N, N’-

dicyclohexylcarbodiimide (DCC). Coupling of (ii) to pentaerythritol (PE) core is 

conducted in a solvent mixture of pyridine and CH2Cl2 using 4-(dimethylamino) pyridine 

(DMAP) as an acylating agent to yield the protected first-generation dendrimer (iii). The 

final dendrimer, G1, will be obtained via hydrogenolysis of (iii) catalyzed by Pd/C. 

Higher generations of dendrimers can be prepared by repeating the steps of anhydride 

coupling and hydrogenolysis deprotection.  

 

 

 

Scheme 1.2 The divergent approach of synthesizing perfect dendrimers using an 

acetal-protected anhydride derivative of bis-MPA as an acylating agent.28 
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1.4 Hydrogen bonding, hydrogen-bonded clusters, and hydrogen bonding mediated 

mesophase in bis-MPA based dendritic polymers 

1.4.1 Hydrogen bonding  

Due to the high concentration of hydroxyl groups, the bis-MPA based dendritic 

polymers are capable of forming extensive intra- and inter-hydrogen bonds within the 

systems. These H-bonds play an important role in defining the bulk properties of bis-

MPA based polymers. This was most clearly demonstrated in the past by the 

derivatization of bis-MPA based HBPs with non-hydrogen bonding moieties. For 

example, Boltorn HBPs, which are solids at room temperature, turned into viscous liquids 

after the peripheral OH groups were replaced by short fatty acids.38 Early studies also 

revealed that the formation of hydrogen bonding also strongly affects the structural 

ordering, rheological properties and relaxation processes.39-42  

FTIR studies conducted by Zagar discovered that different types of H-bonds were 

formed in Boltorn HBPs, where the those between hydroxyls and between hydroxyls and 

carbonyls were found to be the dominant types, which are denoted as OH···OH and 

OH···C=O respectively.43 Higher fraction of OH ··OH H-bonds were found in BoltornTM 

H20 as compared to H40, which was attributed to higher concentration of terminal units 

in H20.42, 43 This suggests that the structural differences between the HBPs and 

dendrimers may also be reflected in the fraction of OH···OH and OH···C=O H-bonds. 
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1.4.2 H-bonded chain-like clusters 

 

Figure 1.4  Wide-angle X-ray diffraction (WAXS) patterns of BoltornTM H20 and H40. 

Inset is the WAXS pattern of D.I. water.44 

 

In our previous study, the reflection at 2𝜃 ≈ 30° on the WAXS patterns of the bis-

MPA based dendritic polymers was found to be similar to the main amorphous halo on 

the WAXS of the D.I. water, which is at 2𝜃 ≈ 28°. The WAXS patterns of BoltornTM H20 

and H40 were shown as examples in Figure 1.4 with that of D.I. water displayed in the 

inset. It had been reported that the amorphous halo of D. I. water was originated from the 

ordering of oxygen atoms within three-dimensional H-bonded clusters which are 

pervasive in water. 45-47 Similarly, we discovered that the reflection peak at 2𝜃 ≈ 30° of 
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bis-MPA based dendritic polymers was contributed by the short-range ordering of 

oxygen atoms associated with the H-bonded chain-like clusters of terminal hydroxyls in 

dendritic polymer systems.44 As shown in Figure 1.5, the H-bonded chain-like clusters 

are formed by multiple consecutive O-H···O groups connected via H-bonds. Similar 

clustering structures were observed in small molecule H-bond formers, e.g. liquid 

hydrogen fluoride.48, 49 It appears that longer chain-like clusters do not form in linear 

hydroxylated polymers due to the steric constraints imposed by the linear backbone.  

 

Figure 1.5 Schematic of hydrogen-bonded clusters formed by OH···O groups. Acceptor 

oxygen atoms are highlighted in red and the donor hydrogen atoms are highlighted in 

green. For all structures shown, dotted lines represent hydrogen bonds and solid lines 

represent covalent bonds. 

 

1.4.3 Hydrogen bond mediated mesophase 

In addition to the reflection at 2𝜃 ≈ 30°, another characteristic ordering feature of 

Boltorn HBPs is the sharp peak which can be observed at 2𝜃 ≈ 17° on the WAXS 

patterns. (Figure 1.4) Early researches had discovered that that sharp peak was correlated 

to a structure ordering phenomenon mediated by H-bonds formed between long linear 
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segments in the Boltorn HBPs.39, 50 In our previous work, we revealed that that sharp 

peak was superimposed on the broad amorphous halo of Boltorn HBPs, which was 

corresponding to the short-range order between C-C and C-O close packed atoms in the 

bulk of the polymer.51 The origin of the narrow peak was assigned to the pseudo-

hexagonal mesophase formed by linear segments.44 (Figure 1.6) Compared with the 

three-dimensional ordering in the crystalline phase, the mesophase exhibits a two-

dimensional ordering which was enthalpically driven by H-bonding without 

conformational ordering along the linear chain segments. The formation of mesophase is 

temperature-dependent and the size of which increases with the annealing time.44  

 

Figure 1.6 . Schematic of the pseudo-hexagonal packing structure of mesophase 

formed by linear chain segments in Boltorn HBPs. The shape of each linear chain 

segment was approximated as cylindrical.44 

 

1.5 Dielectric property and dielectric spectroscopy 

1.5.1 Dielectric property 

The dielectric property, which is generally referring to the permittivity (ε), is a 

measure of the polarizability of a material when exposed to the electric field. When an 

external electric field is applied to a dielectric material, dipoles inside the material will 

be polarized, generating an opposite internal electric field, which reduces the overall 
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electrical field. The response of the dipoles to the external electric field (E) is described 

by the electric displacement (D), which is the total charge density induced at the 

electrodes.52 The relationships between E and P can be described using the following 

equation.53 

𝑫 = 𝜀0𝑬 + 𝑷   

where ε0 =8.854×10-12 F/m, which is the permittivity of the vacuum. P is the polarization 

density, which is the density of the dipole moments in the material. In a homogeneous, 

linear, non-dispersive, and isotropic dielectric medium, P is proportional to E:54  

𝑷 = 𝜀0𝜒𝑬 = 𝜀0(𝜀𝑟 − 1)𝑬   

𝑫 = 𝜀𝑬 = 𝜀0𝜀𝑟𝑬   

where χ is the electric susceptibility of the material. ε and εr are the absolute and the 

relative permittivity of the material, respectively. εr is also denoted as the dielectric 

constant for common usage. Since relative permittivity is much more commonly used 

than the absolute value, ε is usually used for representing relative permittivity instead.  

The dielectric constant is strongly dependent on the polarity of the material. For 

instance, at 20 °C, dielectric constants of n-hexane and benzene are around 2, whereas 

those for benzonitrile, water, and methanol, are around 26, 80, and 30, respectively.46, 55, 

56 Due to the intrinsically low polarity, polymers usually exhibit relatively low dielectric 

constant as compared to inorganic materials. For instance, at 20 °C, the dielectric 

constant of polyamide (PA) is ~3 whereas that of magnesium oxide (MgO) and 

zirconium dioxide (ZrO2) is about 9 and 25 respectively.57-59 

Accordingly, the dielectric constants of polymers are dependent on the 

concentration of dipoles, i.e., polar groups. However, for commonly used polymers, the 
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differences in ε between polar and non-polar ones are not as significant as those in small 

molecules. For instance, at room temperature, ε for non-polar polymers, such as 

polypropylene (PP), is ~ 3, while that for polar polymers, such as polyacrylonitrile 

(PAN), polycarbonate (PC), and polyvinyl chloride (PVC) is all around 3~5. 57, 59, 60 It is 

due to the low concentration and lack of interaction between dipoles. Hydroxylated 

polymer systems, on the other hand, display higher dielectric constant values than those 

of other polar polymers, which is contributed by hydrogen bonding.61-63 For instance, 

under ambient conditions, ε of polyvinyl alcohol (PVA) is around 5~8.64, 65 It was also 

discovered that small H-bonded molecules such as D.I. water and methanol, exhibit very 

high dielectric constant as the molecules form clusters in groups of three.56, 66, 67 Hence, it 

is possible that the formation of H-bonded chain-like clusters may also induce special 

dielectric properties in bis-MPA based dendritic polymer systems.  

 

1.5.2 Dielectric spectroscopy 

The dielectric spectroscopy measures the permittivity as a function of frequency 

under an alternating external electric field. It is a very powerful tool for probing 

molecular dynamics, especially the secondary relaxation processes in the polar polymers, 

as the corresponding changes in ε during thermal transitions are quite large, as compared 

to those in volume, enthalpy, or heat capacity, which measured by other commonly used 

thermal analysis techniques.68 Moreover, it can measure the relaxation within very broad 

range scales of frequency and temperature. 



 

15 

 
Figure 1.7 Schematic of the mechanism of the dielectric spectroscopy. 

 

Figure 1.7 shows the basic mechanism of dielectric spectroscopy for measuring 

the relaxation processes. When the frequency of the alternating electric field is low, the ε 

stays constant with frequency changes as the dipole moments can perfectly align with 

the electric field. As the frequency increases to a certain extent, ε starts to change as the 

dipoles become unable to follow the electric field instantaneously, which leads to a lag 

between the orientation of E and P, which can be represented by a phase difference 

between E and D as shown in Figure 1.7. To better describe the frequency dependence 

of phase lag, ε is expressed in a complexed form: 53 

𝜀∗(𝜔) = 𝜀′(𝜔) − 𝑖𝜀"(𝜔) = |
𝐷0

𝜀0𝐸0
| ( 𝑐𝑜𝑠𝛿 − 𝑖𝑠𝑖𝑛𝛿)   

where D0 and E0 are the amplitudes of the electric displacement and electric field 

respectively. ε′ and ε″ are the real and imaginary parts of the permittivity respectively. ε′ 

accounts for the in-phase part of D, whereas ε″ describes the out-phase part of D. i is the 
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imaginary unit, i2= −1. δ is the loss angle. Tan δ is termed as the dissipation factor, which 

is defined by tan δ=ε″/ε′.  

Shown in Figure 1.8 is a generic presentation of the frequency dependence of ε′ 

and ε″ for the relaxation at a constant temperature. 68 The εr and εu are the permittivity 

value at relaxed (f→0) and unrelaxed state (f→∞), respectively. It can be observed that 

when a relaxation takes place, ε′ decays from εr to εu while on ε″ shows a peak of which 

the maximum point is positioned at ω equals 1/τ, where τ is the characteristic relaxation 

time. Hence, the characteristic relaxation time is determined by the reciprocal of the peak 

frequency ωmax. 

 
Figure 1.8  Frequency dependence of ε′ and ε″ for a dielectric relaxation process. 

 

Dielectric spectroscopy was employed to probe molecular dynamics in bis-MPA 

based HBPs, and two sub-Tg relaxation processes were detected: γ- and -relaxations, 

which were ascribed to the motions of hydroxyl and ester groups respectively. 40, 69-71 It 

was found that the bis-MPA based HBPs exhibit high activation for γ-relaxation, which 

was attributed to the strong inter-and intramolecular hydrogen bonding interaction.40, 69-71 

However, what role hydrogen bonding plays in defining mechanism of γ-relaxation was 
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not well explained. While γ-relaxation was reported by all studies conducted so far, it was 

debatable whether -relaxation could be clearly resolved from the dielectric spectra of 

neat HBPs. Plus, it was also reported that another relaxation contributed by ionic motion, 

which was denoted as conductivity relaxation, was detected at a similar temperature 

range as -relaxatoin.69, 72 Hence, the nature of -relaxation in bis-MPA based dendritic 

polymers need to be re-examined carefully. Similar studies should be extended to bis-

MPA based dendrimers. It is also meaningful to compare how hydrogen bonding 

organization affects the dielectric properties in both HBPs and dendrimers. 

 

1.6 Research overview  

Despite a systematic study that has been performed on hydrogen bonding 

organization and hydrogen bonding mediated mesophase in bis-MPA based dendritic 

polymers, the experimental data of the corresponding dendrimers are still lacking. Hence, 

the related thermal, volumetric, and thermodynamic properties of dendrimers and how 

they differ from those of HBPs still remain unknown. Though the dielectric relaxations of 

bis-MPA based HBPs have been probed, a thorough understanding of the mechanism of 

the relaxations and their correlation with hydrogen bonding organization has yet to be 

developed. The purpose of this dissertation is to elucidate the correlation between the H-

bond organization with the dielectric and volumetric properties of bis-MPA based 

dendritic polymers, with an emphasis on developing a fundamental understanding of to 

what extent structural irregularity affects the bulk properties of dendritic polymers. The 

following research objectives (R.O.) were utilized to accomplish the main goal. 
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R.O.1 Elucidate how structural irregularity and core molecule affect the formation of 

hydrogen bonding formation and hydrogen-bonded cluster formation. 

R.O.2 Develop a fundamental understanding of the nature of dielectric relaxation 

processes in bis-MPA based HBPs and dendrimers. 

R.O.3 Elucidate how dielectric properties and dielectric relaxation processes of bis-MPA 

based HBPs and dendrimers are correlated to the formation of hydrogen-bonded clusters 

in systems. 

R.O.4 Develop a fundamental understanding of the correlation between the volumetric 

and thermodynamic properties and hydrogen bond organizations of bis-MPA based HBPs 

and dendrimers. 

R.O.5 Model bis-MPA HBPs and dendrimers in the bulk to visualize the globular shape, 

hydrogen bond organization, and structural ordering.  

R.O.6 Investigate the applicability of extending the study of the correlation between bulk 

properties and H-bond organization to hydroxylated linear polymer systems. 

 

In Chapter II, the chemical composition of bis-MPA/PE dendrimer G2 and 

BoltornTM H20 was characterized via NMR, and H-bond formation was probe via FTIR. 

(R.O.1) The PVT behavior of both polymers was investigated, and volumetric and 

thermodynamic parameters were determined and compared. (R.O.4) In Chapter III, a 

dielectric analysis was conducted on both G2 and H20, their dielectric properties, as well 

as γ-relaxation, were investigated. (R.O.2 and 3). High dielectric constant values and 

associative behavior of γ-relaxation of G2 and H20 were ascribed to the formation of H-

bonded clusters. Then G2, H20, and bis-MPA/PP50 dendrimer D20 were simulated via 
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MD simulation, and their molecular structure, bonding formation, and hydrogen-bonded 

cluster formation were analyzed. (R.O.1,2, and 3) The analysis of dielectric relaxation 

was continued in Chapter IV, where the other sub-Tg relaxation process of G2 and H20 

discovered at higher temperatures was found to be correlated to ion translational motion. 

(R.O.2) The conductivity mechanism in both systems was found, and how it correlated to 

hydrogen bond origination was carefully studied. (R.O.3) In Chapter V, we extended the 

H-bond analysis study to a hydroxylated linear polymer system, in which the correlation 

between the H-bond formation and the gas barrier property was investigated. (R.O.6) 
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CHAPTER II - BULK VOLUMETRIC AND THERMODYNAMIC PROPERTIES OF 

BIS-MPA BASED DENDRIMERS AND HYPERBRANCHED POLYMERS 

Abstract 

The chemical nature, the formation of hydrogen bonding, and the thermal 

transition of the dendrimer G2 and BoltornTM H20 was carefully analyzed and compared. 

Despite their similar hydroxyl concentration, the fraction of OH···OH H-bonds was 

found to be higher in G2. The volumetric properties of G2 and H20 were probed by using 

PVT dilatometry. The thermal expansion coefficient and the compressibility of G2 and 

H20 were also analyzed. It was found that the formation of a mesophase affects the 

thermal expansion behavior of H20 at higher temperatures. The Simha-Somcynsky 

equation of state (SS-EOS) was found to be able to describe the PVT surface of G2 and 

H20 with accuracy. Thermodynamic parameters, including the scaling parameters (P*, 

V*, T*), the molecular mass of the statistical segments (Ms), molar activation energy 

(ϵ*), and molar volume (v*) were extracted from SS-EOS. It was found that the 

flexibility of the H20 molecule is higher and the hydrogen bonding interaction in G2 is 

greater. The specific free volume (Vf), occupied volume (Vocc), and fractional free 

volume (h) were also determined via fitting PVT data to the SS-EOS and their 

temperature dependency was analyzed. Higher free volume was found in H20 which 

contributes to its higher specific volume. The temperature and pressure dependence of G2 

and H20 displayed good agreement with their thermal expansion coefficient and 

compressibility. 
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2.1 Introduction 

Due to the availability of the bis-MPA based dendrimers, few studies have been 

conducted to probe their bulk properties. Though the study conducted by Zagar. etc has 

shown some differences between bis-MPA based HBPs and dendrimers on the thermal 

transitions and the structural ordering, a more systematic work of comparing their 

chemical nature, hydrogen bonding formation, and other bulk properties are still lacking.1 

The hydrogen bonding formation in bis-MPA based HBPs and dendrimer systems has 

been studied by us via MD simulation, where the dendrimers were found to have a higher 

fraction of OH ··OH H-bonds as compared to the corresponding HBPs. 2 Hence, an 

experimental study is needed to confirm it. Fourier-transform infrared spectroscopy 

(FTIR) is a useful tool to probe the hydrogen bonding as the vibration peaks for proton 

donors and acceptors would be red-shifted and intensified by the formation of H-bonds. 3-

5 6 The FTIR studies of bis-MPA based HBPs were reported, where a higher fraction of 

OH ··OH H-bonds was found in H20 as compared to H40. 7, 8 

The volumetric properties, including specific volume, thermal expansion 

coefficient, compressibility, and free volume are very critical to polymers as they provide 

information on molecular packing, thermal transition, relaxation behaviors, 

intermolecular interactions, and so on. Despite their importance, however, the studies of 

the volumetric properties of dendritic polymers were only limited to the poly (benzyl 

ether) dendrimer (PBED) systems 9, 10 In our previous study, we were able to simulate the 

volume-temperature curves of bis-MPA based HBPs and dendrimers which display good 

agreement with the experimental ones of HBPs. Still, an experimental study is needed for 

bis-MPA based dendrimers.  
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The volumetric properties of polymers can be measured by PVT dilatometry, 

which collects the specific volume data isothermally or isobarically via a linear variable 

differential transducer (LVDT). To extract free volume and other thermodynamic 

parameters, it is needed to apply the PVT data to an equation of state. Among various 

equations of stats that are derived for polymers, the Simha-Somcynsky equation of state, 

which was proved to have low deviations from experimental data within a wide 

temperature and pressure range, is adopted for this study.11, 12 The SS-EOS was 

developed based on the lattice-hole theory, where a linear polymer was divided into s 

equivalent segments with each of them occupying one lattice site in the system. Each 

equivalent segment is termed as a s-mer of which the molar mass does not necessarily 

equal that of the repeat unit of the polymer chain. While the occupied sites account for 

the occupied volume, the unoccupied ones represent the free volume. The size of each 

lattice cell is defined by the separation distance at the minimum of the Lennard-Jones (L-

J) potential. The differentiation of the Helmholtz free at thermodynamic equilibrium yield 

the SS-EOS in the form of coupled equations:13 

(𝑃̃𝑉̃)/𝑇̃ = [1 − 𝑦 (2
1
2𝑦𝑉̃)

−
1
3

]

−1

+ 𝑦 𝑇̃⁄ [2.002(𝑦𝑉̃)
−4

− 2.409(y𝑉̃)
−2

] 
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3𝑐 [(2−
1
6y(1 𝑦𝑉̃⁄ )

1
3 − 1 3⁄ ) (1 − 2−

1
6y(1 𝑦𝑉̃⁄ )

1
3)⁄

− 𝑦(1 𝑦𝑉̃⁄ )
2

(3.033(1 𝑦𝑉̃⁄ )
2

− 2.409) 6𝑇̃⁄ ] + (1 − 𝑠)

− 𝑠 ln( 1 − 𝑦) 𝑦⁄ = 0 

  

where y=1-h is the fraction of occupied volume. The reduced variables are defined as 

𝑃̃ = 𝑃/𝑃∗, 𝑉̃ = 𝑉/𝑉∗, and 𝑇̃ = 𝑇/𝑇∗, where P*, V*, and T* are the characteristic scaling 

parameters which depend on the specific molecules. The 3 scaling parameters are defined 

as 

𝑃∗ = 𝑧𝑞𝜖∗ (𝑠𝜐∗)⁄

𝑇∗ = 𝑧𝑞𝜖∗ (𝑅𝑐)⁄

𝑉∗ = 𝜐∗ 𝑀𝑠⁄
} (𝑃∗𝑉∗𝑇∗)/𝑀𝑠 = 𝑅𝑐/𝑠 ⇒ 𝑅/3 

where ϵ* is the maximum attraction energy of the 6-12 Lennard-Jones (L-J) interaction 

and v* is the corresponding molar volume at the minimum potential. R is the gas 

constant. 𝑀𝑠 = 𝑀𝑛/𝑠 is the molar segmental mass, where Mn is the average molecular 

weight of the macromolecules. 3c is the external volume-dependent degrees of freedom 

per chain. 𝑞𝑧 = 𝑠(𝑧 − 2) + 2 is the number of interchain contacts, where 𝑧 = 12, is the 

coordination number. For macromolecule chains, s→∞ can be assumed that 3c/s→ 1. 

Though it has been proven that the SS-EOS is able to fit many linear polymer 

systems with good accuracy, it is still questionable for its applicability to the dendritic 

polymer system as the model was developed based on linear polymers. 12, 14, 15 To date, 

there’s only one study that exams the limits of the applicability of SS-EOS by comparing 

the thermodynamic properties between linear polystyrene (PS) and PBED.9 It was 
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reported that the SS-EOS was able to describe the PVT surface, the compressibility, and 

the thermal expansion coefficient precisely.9 However, similar research has not been 

extended to hydroxylated dendrimer systems in which hydrogen bonding interaction 

plays an important role in defining bulk properties.  

In this study, the chemical and physical properties of a second-generation bis-

MPA based dendrimer, G2, and its corresponding hyperbranched polymer (HBP), 

BoltornTM H20, was probed and compared. The chemical composition and the formation 

of hydrogen bonds in both systems were well characterized. Thermal transitions, 

volumetric and thermodynamic properties, and their correlation with hydrogen bonding 

formation of the two systems were investigated. The applicability of the SS-EOS theory 

to the hydroxylated dendrimer system was also evaluated. 

 

2.2 Experimental Section  

2.2.1 Materials and sample preparation  

The perfectly branched second-generation dendrimer, designated hereafter as G2, 

was kindly provided by Dr. Scott Grayson, Tulane University, New Orleans, LA. It was 

synthesized from bis-MPA branching monomer and pentaerythritol core using a 

diverging approach via anhydride coupling as described elsewhere.16, 17 The theoretical 

molecular weight of G2 based on its structure was calculated as 1529.5 g/mol. Nearly the 

same weight, 1528.8 g/mol, was determined by Matrix-Assisted Laser 

Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-ToF MS), thus 

confirming the unimolecular distribution of G2. (Appendix Figure A.1) 
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The second-generation HBP, BoltornTM H20, the schematics of which is shown in 

Figure 2.1, was kindly donated by Perstorp Polyols Inc. This commercially available 

dendritic polymer was synthesized via the one-pot method using ethoxylated 

pentaerythritol (PP50) core and 2,2-bis(methylol)propionic acid (bis-MPA) branching 

monomer. 

 

Figure 2.1 Chemical structures of G2 and BoltornTM H20. 

 

Boltorn hyperbranched polyesters of this class are typically designated in the 

literature as HX0, where X denotes the pseudo-generation number. The theoretical (based 

on composition) molecular weight of H20 is 1749 g/mol. As reported by Perstorp the 

number average molecular weight of H20 however is somewhat greater, i.e. 2100 g/mol. 

The degree of branching (DB) of H20 determined by NMR has been reported as 0.261 

using the definition given by Frey. 7, 18 

A Carver Melt Press (Model M) was used to prepare thin sheets of H20 and G2. 

Pellets of H20 and powder for G2 were dried under vacuum for at least 24 hours at 80°C 

prior to compression molding. The appropriate amount of each polymer was placed in a 
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mold of 0.34 mm thickness, which was sandwiched between two Teflon sheets, with two 

metal plates on each side. The platens were placed in the press at 140°C and held for 

about 10 min without pressure. The pressure was first increased to 2,500 psi followed by 

a release of pressure to remove air bubbles, then increased to 7,500 psi at which polymers 

were finally molded. The mold was cooled at a rate of about 10°C per minute by flowing 

water through the press plates. The molded samples were then removed and placed in a 

desiccant chamber until further testing. 

 

2.2.2 Experimental methods 

The 1H NMR spectra were collected using a Varian VXR 300 NMR spectrometer. 

Each sample was prepared by dissolving the polymer in DMSO-d6 at the concentration of 

1% (wt/wt). Before the measurements, the samples were heated to 140°C for 1 hr and then 

quenched in liquid nitrogen to dissociate the hydrogen bonds in the systems. 

The infrared spectra were collected using a Perkin-Elmer 1600 FTIR spectrometer. 

Thin films on the NaCl plates were prepared by solution casting using acetone. After 

solvent evaporation, the films were dried in vacuum for 12 hr to remove any traces of 

acetone and water.  

Thermal behavior was investigated by differential scanning calorimetry (DSC) 

using a TA Instruments DSC Q-100. The calibration was carried out using indium and 

sapphire standards. Samples were first heated to 200°C at a rate of 10°C/min to erase 

thermal history, quenched to -90°C at 5°C/min, and then heated to 200°C at 10°C/min. The 

second heating scans were reported. 
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The Archimedes’ principle was used to measure density. The measurements were 

conducted using a Mettler Toledo Balance (Model XS-104) equipped with a density kit. 

Small, 2×2mm film samples were cut and weighed before and after immersed in toluene. 

The density was calculated as follows. 

𝜌𝑃 =
𝑊𝐴

𝑊𝐴 − 𝑊𝑇
⋅ 𝜌0 

  

where WA and WT are the sample weight measured in air and toluene, and 𝜌0 is the density 

of the toluene, which is 0.870 g/cc. The final density was taken as the average of five 

measurements. The standard error of the density measurements did not exceed 0.002 g/cm3. 

The volumetric properties of G2 and H20 in the bulk were studied using the 

pressure-volume-temperature (PVT) techniques. The PVT measurements were conducted 

by utilizing a fully automated Gnomix-PVT-apparatus (Boulder, Col. USA) with mercury 

employed as a confining fluid. Specific volumes, with accuracy ±0.002 cm3/g, were 

recorded from 30°C to 120°C above the Tg of each sample. All reported here PVT data 

were collected in isothermal mode. At each temperature interval, the pressure was 

increased with an increment of 10 MPa steps from 10 to 150 MPa. The specific volume at 

1atm was extrapolated by fitting the PVT data collected at elevated pressures to Tait 

equation of state.19 

𝑣(𝑃, 𝑇)

𝑣(0, 𝑇)
= 1 − 𝐶𝑙𝑛(1 +

𝑃

𝑏(𝑇)
)   

where 𝑏(𝑇) = 𝑏1exp (−𝑏2𝑇), v(P, T) is the molar volume as a function of pressure, P, at 

a given temperature, T. v(0, T) is the molar volume at zero (atmospheric) pressure at the 

same given temperature. C, b1, and b2 are fitting parameters for this equation, which were 
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determined by fitting the volume data along an isotherm with different pressures. This 

routine is directly built into Gnomix-PVT-apparatus software. 

The PVT data were fitting to Simha-Somcynsky equation of state (SS-EOS) via 

using a home-made software named ‘ssfit,’ where the fitting parameters P*, V*, T* were 

determined by minimization of the χ2 which was defined by  

𝜒2 = ∑
(𝑀𝑖 − 𝐹𝑖)2

𝑣𝑖

𝑁

𝑖=1

 

where M and F are the measured and the fit specific volumes respectively, and v is the 

square of the standard deviation of the measured specific volumes. Instead of the exact 

equation, the approximate solutions to the SS-EOS were determined by an analytical 

equation representation derived by Utracki and Simha:20 

𝑙𝑛𝑉̃ = 𝑎0 + 𝑎1𝑇̃3/2 + 𝑃̃[𝑎2 + (𝑎3 + 𝑎4𝑃̃ + 𝑎5𝑃̃2)𝑇̃2] 
  

where the values of the constants are listed in the table below.  

 

Table 2.1 . Fitting coefficients for the analytical representation of the SS-EOS 

Coefficients Value 

a0 -0.10346 

a1 23.854 

a2 -0.1320 

a3 -333.7 

a4 1032.5 

a5 -1329.9 
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2.3 Results and Discussion 

2.3.1 NMR  

 

 

Figure 2.2  1H NMR spectra of (A)G2, (B) H20 

 

NMR specifically was used to probe the chemical structure and architecture of the 

studied molecules in this system. Figure 2.2 shows the characteristic 1H NMR spectra 

obtained for (A) G2 and (B) H20 systems with the corresponding peak assignments. The 

most obvious difference between NMR patterns for G2 and H20 systems is the presence in 

the former of only terminal hydroxyl groups, while the H20 spectrum shows both terminal 

and linear hydroxyl units. The integrated values of each peak are listed in Table 2.2 and 

used to calculate and compare several important structural parameters, i.e. the degree of 

branching by Frey, hydroxyl/carbonyl ratio, the number of hydroxyl groups per molecule, 

the concentration of hydroxyl groups, and the number average molecular weight for each 
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polymer. These parameters are also displayed in Table 2.2. The degree of branching (DB) 

by Frey was calculated from  

𝐷𝐵 =
2 ∗ 𝐼(𝐶𝐻3)𝐷

2 ∗ 𝐼(𝐶𝐻3)𝐷 + 𝐼(𝐶𝐻3)𝐿
 

  

Naturally, G2 showed the degree of branching 1.00 while the degree of branching for H20 

was considerably lower, i.e. 0.258 (0.261 was reported by Perstorp). The 

hydroxyl/carbonyl ratio was calculated directly from the corresponding peak areas as 

follows,  

[𝑂𝐻]

[𝐶𝑂]
=

𝐼(𝑂𝐻)

2 ∗ 𝐼(𝐶𝐻2𝑂𝑂𝐶𝑅)
 

  

The average number of OH groups per molecule (n(OH)) and the number average 

molecular weight (𝑀𝑛
̅̅ ̅̅ ) of H20 were determined according to the methodology proposed 

by Žagar et. Al, where a large fraction of HBPs without the core (B2) was firstly discovered 

as a result of incomplete conversion. Hence, the equivalent number of B2, N(B2), was 

determined by the number of unreacted carboxylic acid groups, 21  

𝑁(𝐵2) = 𝐼(𝐶𝑂𝑂𝐻)𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 = 𝐼(𝑂𝐻) − 𝐼(𝑂𝐻)𝑡ℎ𝑒𝑜𝑟.   

where 𝐼(𝑂𝐻)𝑡ℎ𝑒𝑜𝑟. = 4 ∗ 𝑁(𝑃𝑃50) + 2 ∗ 𝑁(𝑏𝑖𝑠 − 𝑀𝑃𝐴) − 𝑁(𝑏𝑖𝑠 − 𝑀𝑃𝐴)   

where N(PP50) and N(bis-MPA) were determined by as follows: 

𝑁(𝑃𝑃50) =
𝐼(𝐶𝐻2)𝑃𝑃50

14 ∗ 2
=

1

28
∗ [𝐼(𝐶𝐻2𝑂𝑅) + 𝐼(𝐶𝐻2𝑂𝑂𝐶𝑅) −

4

3
∗ 𝐼(𝐶𝐻3)] 

  

𝑁(𝑏𝑖𝑠 − 𝑀𝑃𝐴) =
𝐼𝐶𝐻3

3
 

  

Then n(OH) and 𝑀𝑛
̅̅ ̅̅  , were determined by: 
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𝑛(𝑂𝐻) =
𝐼(𝑂𝐻)

𝑁(𝑃𝑃50) + 𝑁(𝐵2)
 

  

𝑀𝑛 = (𝐷𝑃 − 1)(𝑀𝑏𝑖𝑠−𝑀𝑃𝐴 − 𝑀𝐻2𝑂 + 𝑥𝑃𝑃50𝑀𝑃𝑃50 + 𝑥𝐵2
𝑀𝑏𝑖𝑠−𝑀𝑃𝐴) 

  

where 𝐷𝑃 =
𝑁(𝑃𝑃50)+𝑁(𝑏𝑖𝑠−𝑀𝑃𝐴)

𝑁(𝑃𝑃50)+𝑁(𝐵2)
, 𝑥𝑃𝑃50 =

𝑁(𝑃𝑃50)

𝑁(𝐵2)+𝑁(𝑃𝑃50)
 , and 𝑥𝐵2

= 1 − 𝑥𝑃𝑃50.  

Finally, the OH concentration per gram of the sample ([OH]) was calculated by: 

[𝑂𝐻] =
𝑛(𝑂𝐻)

𝑀𝑛
̅̅ ̅̅

× 1000 
  

The calculated here values of n(OH) and 𝑀𝑛
̅̅ ̅̅  for H20 polymer were in good agreement 

with those reported for H20 by Zagar et al., i.e., 8.9 and 930 g/mol respectively, but 

considerably smaller than those theoretically predicted, assuming that the conversion of 

the polymerization is 100%, i.e., 16 and 1749 g/mol.21 The [OH] value was also consistent 

with the OH-value reported by the Perstorp company, which is 490~520 KOH/g. 

Therefore, we also confirm here that about 50% of the reaction products for H20 indeed 

resulted from incomplete conversion, which was determined as 90%.21, 22 On the other 

hand, as expected from MALDI-TOF data, G2 system exhibited N(OH) and 𝑀𝑛
̅̅ ̅̅  values 

which are in excellent agreement with the theoretically predicted numbers, i.e.16 and 

1529.5 g/mol respectively. It should be noted that despite the determined N(OH) quantities 

for G2 and H20 were considerably different, the OH group concentration as well as OH/CO 

group ratio values were comparable. 

  

 

 

 



 

41 

Table 2.2 Integrals of the 1H NMR signals of individual protons for G2, H20 

Assignment G2 H20 

I(CH3)D 12 3.86 

I(CH3)L - 22.16 

I(CH3)T 24.7 10.14 

I(CH2OR) 32.67 47.69 

I(CH2OOCR) 24.35 24.13 

I(OH)T 16.11 9.56 

I(OH)L - 7.02 

Calculated values   

DB 1.00 0.258 

[OH]/[CO] 1.32 1.37 

n(OH) 16.15 8.25 

𝑀𝑛
̅̅ ̅̅  (g/mol) 1563 859 

[OH] (mmol/g) 10.31 9.60 

[CH3] (mmol/g) 7.85 6.99 
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2.3.2 FTIR 
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Figure 2.3  FTIR spectra of G2 and H20. (A)30 °C, (B) 150 °C, (C) difference spectra 

obtained by subtraction of the spectra (B) from the spectra (A). The insets in (A) and 

(B) are the peak deconvolution of the methyl and methylene stretching peak of H20 at 

20 °C and G2 at 150°C, respectively. 

 

FTIR was mainly used to probe the extent of hydrogen bonding of the involved 

hydroxyl and carbonyl groups. The FTIR spectra for H20 and G2 systems recorded at 30 

°C and 150 °C are presented in Figure 2.3 (A) and (B). These spectra were normalized 

using the antisymmetric vibration peak of the methyl groups centered at 2978 cm-1. The 



 

43 

intensity of this methyl stretching peak was determined via peak deconvolution shown as 

the insets in Figure 2.3 (A) and (B). The rationale of using this methyl peak for 

normalization was determined by the fact that the concentration of these groups was 

similar for G2 and H20, and they also do not participate in hydrogen bonding, so the 

position, shape, and intensity of this peak were not affected. At 30 °C, both G2 and H20 

polymers displayed rather intense and very broad asymmetrically shaped IR band 

centered at about 3400 cm-1 which was assigned to the stretch vibration of the 

combination of free but mainly hydrogen-bonded hydroxyl groups (vOH).8, 23 The 

reported frequency range of the free hydroxyl stretch vibration is 3644-3635 cm-1, so 

there was a considerable red-shift, which reflects the reduced force constant of the O-H 

oscillator and enhanced anharmonicity of the vibrational potential with hydrogen 

bonding. 3-5 A broadening was attributed to the presence of a wide range of O-H···O 

hydrogen bond associations, which exhibit a broad distribution of bond angles and bond 

lengths. Besides, the hydroxyl groups can participate in hydrogen bonding as donors and 

acceptors in contrast to the carbonyl groups, which can serve as acceptors only. A well-

documented signature of O-H···O bonding is also the increase of IR adsorption intensity 

as compared to free hydroxyl stretching adsorption. This is due to an increased overall 

dipole moment of O-H···O associations as compared when the corresponding moieties 

are unbonded.6 

The sharp absorption peak centered at 1732cm-1 was assigned to the stretching 

vibration of the carbonyl groups (vCO). The reported frequency range of the free 

carbonyl stretching vibration is 1750-1735 cm-1.24 Similar to vOH, vCO can be affected 

by hydrogen bonding but the effect is smaller than in the case of vOH. 8, 25 At 30 °C, one 
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can see that the intensity of vOH peak for G2 is greater than that for H20. Interestingly, 

the differences in the intensity of the vCO peak are the opposite. The peak area ratio, 

AvOH/AvCO, was calculated for both G2 and H20 systems at 30°C to be 2.8 and 2.3, 

respectively, and used to compare with the corresponding hydroxyl to carbonyl group 

ratios determined by NMR, i.e. 1.3 (G2) and 1.4 (H20). The observed strong 

disagreement clearly indicates that in the case of hydrogen bonding the FTIR based 

hydroxyl/carbonyl peak ratio does not directly reflect the ratio of the concentrations of 

these moieties and therefore cannot be used for quantitative purposes. Somewhat greater 

AvOH/AvCO observed for G2 versus H20 implies that in the former system OH···OH 

was perhaps a predominant type of H-bond associations with a lesser number of carbonyl 

groups involved than in the case of H20. As expected, upon heating to 150°C, vOH and 

vCO peaks as a whole shifted to higher frequencies, i.e. 3535 and 1734 cm-1 (blue-shift), 

and the corresponding peak intensities were drastically reduced indicative of the 

transition from the state with mainly hydrogen-bonded hydroxyl and carbonyl groups to 

the state when they are predominantly free.5, 6, 8, 25, 26 The blue-shift of vOH and vCO 

peaks at higher temperature and the transition from predominantly hydrogen-bonded to 

free hydroxyls is particularly apparent when looking at FTIR difference spectra displayed 

in Figure 2.3 (C) which clearly indicate for both G2 and H20 systems the presence of 

negative (at higher frequencies) and positive (at lower frequencies) differences in the 

corresponding hydroxyl and carbonyl stretching IR ranges. Furthermore, at 150 °C, the 

shape and intensity of vOH and vCO peaks for G2 became comparable with those for 

H20. The AvOH/AvCO ratio was also calculated for G2 and H20 at 150°C to be 1.3 and 

1.5 respectively, showing now an excellent agreement with the NMR data. 
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2.3.3 DSC  
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Figure 2.4 DSC thermograms of H20 and G2 

 

Figure 2.4 shows the DSC curves of H20 and G2. Glass transition temperature, Tg, 

of both polymers was determined as 4 °C and 49 °C respectively. The lower Tg of H20 can 

be attributed to its low molecular weight, which is revealed by the NMR data, and the broad 

Mw dispersion resulting from the nature of the one-pot synthesis method.22, 27 Besides, 

hydrogen bonding formation may also play a role in defining the Tg of both polymers. It 

was reported that Tg of hydroxylated HPBs drops significantly when hydroxyl chain ends 

are replaced by alkyl, benzoate, acetate groups.28, 29 A huge reduction on Tg was also 

observed when H20 was esterified with acetyl chloride, which will be discussed in the 

following chapters.  

Above Tg, G2 showed no transitions, whereas H20 displayed an exothermic peak 

followed by a broad endothermic peak. The exo- and endothermic peaks are ascribed to the 
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formation and cleavage of H-bonds respectively, which are correlated to the formation and 

melting of a mesophase formed by linear segments in HBPs. 1, 2 Since G2 contains no linear 

segments, these peaks were absent on its DSC curve.  

 

2.3.4 PVT 
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Figure 2.5 Volume-temperature curves at the melt state for G2 and H20 at 0.1MPa, 

70MPa, and 150MPa. 

 

The volume-temperature (V-T) curves at the melt state for both G2 and H20 at 

0.1MPa, 70MPa, and 150MPa was presented in Figure 2.5. The specific volumes of both 

polymers increase monotonically with temperature, which indicates that there’s no first-

order transition above Tg. However, a very small hump was observed on the V-T curve of 

H20 at 0.1 MPa as compared to that of G2, which is very flat. The hump was found at 

temperature range around 50~70 °C, which coincides with the position of the melting 

peak for mesophase detected via DSC. Since the enthalpy of melting for the mesophase 
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was relatively small as compared to that for the crystalline phase in other polymers, the 

small hump could be an evidence for the mesophase ordering though the first-order 

transition cannot be identified on the V-T of H20. 2, 30-32 The formation of the mesophase 

may contribute to densification of H20 at lower temperature.  
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Figure 2.6 Melt state thermal expansion coefficient, αm, for (A) G2 and (B) H20 at 

0.1,10, 30, 50, 70, 90, 110, 130, and 150 MPa, and for (C) G2 and H20 at 0.1, 70, and 

150MPa.  

 

 Under each pressure, H20 shows a higher specific volume than G2 within the 

same temperature range, which implies that H20 may contain more free volume than G2. 

The average melt thermal expansivity (Em), which is defined as 𝐸𝑚 = (
𝜕𝑉

𝜕𝑇
)𝑃, can be 

determined by the slope of the linear regression of the V-T curves for G2 and H20 as 
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4.202×10-4 cc/(g·K) and 4.853×10-4 cc/(g·K) respectively. Higher thermal expansivity of 

H20 indicates that its translational mobility is higher than that of G2, which may be 

attributed to its low molecular weight and a high fraction of structures without core as it 

was revealed by NMR. Nevertheless, the Em value calculated for H20 before the hump, 

i.e. below 60 °C, is 4.158×10-4 cc/(g·K), which is very close to that of G2. This indicates 

that the formation of the mesophase may restrict molecular mobility.  

To better assess the volumetric properties of G2 and H20, and the effect on 

mesophase formation, the melt state thermal expansion coefficient (αm), which is defined 

as 𝛼𝑚 = (
1

𝑉
)(

𝜕𝑉

𝜕𝑇
)𝑃, was determined for both polymers. αm values as a function of 

temperature under different pressures were calculated by taking the first derivative of the 

binomial fit of each V-T curve and normalizing it by the specific volume at each 

temperature. Figure 2.6 represents the αm-T curves of G2 and H20 at melt state at 

pressures from 0.1 to 150 MPa. As shown in Figure 2.6 (C), the αm values of H20 are 

higher than those of G2 at the same pressure, indicating that the free volume content is 

great in H20. The αm values of both dendritic polymers are comparable with other linear 

systems.15, 33 Interestingly, while all αm-T curves of G2 increasing with temperature, 

some of H20 at high pressure show a decreasing trend against temperature. It may be due 

to the different temperature range used for calculating αm as the start point for the melting 

state of H20 was shifted to a higher temperature as pressure increases. Or, it may be 

attributed to more mesophase formation induced by increasing pressure. To figure out the 

main cause, αm of both polymers was recalculated at temperatures 60°C above Tg.  
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Figure 2.7 Melt state thermal expansion coefficient, αm, calculated from 60°C above Tg 

for (A) G2 and (B) H20 at 0.1,10, 30, 50, 70, 90, 110, 130, and 150 MPa. 

 

The recalculated αm values for G2 from 110 to 175 °C and H20 from 66 °C to 

125°C are shown in Figure 2.7. One can observe that the recalculated αm values for G2 

using the higher temperature display increasing trend versus temperature as compared to 

those determined using the entire temperature range for melt state. Moreover, the slopes 

determined for both sets of αm curves are very similar. For instance, slopes of αm-T 

curves generated with a full range at 0.1, 70, and 150 MPa were determined as 9.06×10-7, 

7.75×10-7, 7.92×10-7 respectively, while those extracted from temperatures above 110°C 

were 1.15×10-6, 7.61×10-6, 1.12×10-6 respectively. This indicates that as a completely 

amorphous polymer, the thermal expansion behavior for G2 does not change with the 

temperature above Tg. On the other hand, the regenerated αm-T curves for H20 using 

temperature above 66°C all show a decreasing trend against temperature. This explains 

that the decreasing trend against the temperature of the previously calculated αm detected 

at 130 and 150 MPa is mainly due to the higher temperature range used for the 

calculation at high pressures. In contrast to G2, the αm of H20 defined by using 
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temperatures above 66°C shows opposite temperature dependency to those determined by 

using the entire temperature range at the melt state. As G2 is completely amorphous, the 

temperature dependence of the thermal expansion behavior of H20, suggests that some 

thermal transitions happened at above Tg, which coincides with our founding of 

mesophase formation through DSC. We can conclude that the formation of the 

mesophase at temperatures between Tg and above 60°C affects the thermal expansion 

behavior at these higher temperatures. This also explains the small hump showing on the 

V-T curves of H20. Interestingly, the pressure seems to have little effect on the formation 

of the mesophase. 

The isothermal compressibility, m, which is defined by 
m

= −(
1

V0
)(

∂V

∂P
)T, of 

both G2 and H20 was also analyzed and compared. The values of m at each temperature 

were determined by taking the first derivative of the binomial fit to each V-P curve and 

normalizing by the specific volume at each pressure. The calculated m values of G2 and 

H20 plotted as a function of pressure are shown in Figure 2.8 (A) and (B), where the 

isothermal compressibility of both polymers exhibit decreasing trend against pressure, 

which can be explained by the lower free volume content at the higher pressures. As 

shown in Figure 2.8 (C), under the same pressure, the compressibility of H20 is slightly 

higher than that of G2 at the same temperature, which suggests that the difference of free 

volume content in both systems may have fewer effects on the compressibility as 

compared to the thermal expansion coefficient.  
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Figure 2.8 The melt state compressibility, m, as a function of pressure for (A) G2 

between 86-175°C and (B) H20 between 66 -126°C. (C) m, as a function of 

temperature for G2 and H20 at pressures equal to 0.1, 70, and 150 MPa. 

 

The thermodynamic properties and the free volume content in both G2 and H20 

were then investigated via a fitting entire set of melt state PVT data to the SS-EOS. The 

volume-temperature (V-T) curves for both G2 and H20 at pressures from 0.1 to 150 MPA 

along with the SS-EOS fits are presented in Figure 2.9. It can be observed that the SS-

EOS can fit the PVT surface well. 



 

52 

25 50 75 100 125 150 175

0.74

0.76

0.78

0.80

0.82

0.84

25 50 75 100 125 150

0.74

0.76

0.78

0.80

0.82

0.84

 SS-EOS Fit

150 MPa

 

 

T (C)

G2

V
sp

 (
cc

/g
)

(A)

0.1 MPa

 

 

 SS-EOS Fit

V
sp

 (
cc

/g
)

T (C)

H20

(B)

0.1 MPa

150 MPa

 

Figure 2.9 Isobaric volume-temperature data and SS-EOS fit curves at 0.1, 10, 20, 30, 

40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, and 150 MPa for (A)G2 and (B) H20.  

 

The fitting parameters of the SS-EOS extracted for G2 and H20 are listed in Table 

2.3. The correlation coefficient, r2, of both G2 and H20 were determined to be 0.9999, 

which indicates that the SS-EOS can provide accurate fitting for both polymers. 

According to the lattice-hole theory, V* is the specific volume of s-mer which occupies 

one lattice site with the corresponding size to the minimum Lennard-Jones potential. The 

similar values of the scaling parameter V* determined for G2 and H20 is due to their 

similar chemical nature as V* is proportional to Van der Waals volume. 11 The V* values 

for both G2 and H20 are relatively small as compared to other linear polymer systems.12 

This can be due to their branching structure, as the poly(benzyl PBED) also shows lower 

V* as compared to the corresponding linear PS. 9 The molecular mass of the statistical 
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segments which occupies one lattice site, Ms, was calculated by 𝑀𝑠 =
𝑅

3
∙

𝑇∗

𝑃∗𝑉∗ , where R = 

8.314 J/(K∙mol). The Ms values for G2 and H20 were determined as 38.5 and 22.25 

g/mole, which are about 33% and 20% of the molecular mass of the bis-MPA repeat unit 

(115 g/mol) respectively. Lower Ms value of H20 suggests that the flexibility of H20 is 

higher, which is due to the ether linkage on the PP50 core. The trend of the Ms also 

reflects in the v*, which is defined as 𝑣∗ = 𝑉∗𝑀𝑠.The molar activation energy, ϵ*, which 

is proportional to T*, is higher for G2 than H20, which suggests that the hydrogen 

bonding interaction is higher in G2 as compared to H20. This probably due to the higher 

fraction of the OH···OH in G2, which requires more OHs to be associated. 

 

Table 2.3  Parameters extracted from the SS-EOS fit. 

 P*(MPa) V*(cc/g) T*(K) 
Ms 

(g/mol) 
v*(cc/mol) ϵ*(kJ/mol) r2 

G2 1144.1 0.7760 12346 38.5380 29.9055 3.4215 0.9999 

H20 1333.2 0.7747 10708 28.7297 22.2581 2.9675 0.9999 

 

The free volume and occupied volume were also extracted for G2 and H20 by 

utilizing the SS-EOS. The specific free volume (Vf), occupied volume (Vocc), and 

fractional free volume (h) for G2 and H20 were plotted as a function of temperature at 

different pressures in Figure 2.10. From Figure 2.10 (A) and (B), one can observe that at 

the same temperature, H20 displays greater the specific free volume than G2 while the 

occupied volume of G2 and H20 is similar, which suggests that the greater specific 

volume of H20 is mainly contributed by its higher free volume. The increasing trends of 
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Vf and h against temperature lead to the thermal expansivity of both polymers. This can 

be observed from Figure 2.10 (A) and (C), that the slopes of the Vf-T and the h-T curves 

for H20 are greater than those of G2, which agrees well with the greater thermal 

expansion coefficient of H20. The slower increase of free volume in G2 can be attributed 

to the stronger hydrogen bonding interaction, which revealed by ϵ*. 
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Figure 2.10 Specific (A) free volume (Vf), (B) occupied volume (Vocc), and (C) 

fractional free volume (h) for G2 and H20 as a function of temperature at 0.1, 70, and 

150 MPa. (D) fractional free volume for G2 and H20 as a function of pressure at 85°C 

and 125°C. 
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On the other hand, as shown in Figure 2.10 (D), the pressure dependence of h for 

G2 and H20 is very close, which is consistent with the small difference between the 

compressibility of G2 and H20. Besides, the pressure dependency of Vocc suggests that in 

addition to free volume, the occupied volume also contributes to the compressibility. 

 

2.4 Conclusion 

The chemical nature of the G2 and BoltornTM H20 was carefully analyzed and 

compared via NMR. Similar OH/CO ratios and OH concentrations were determined, 

which indicates that the chemical nature of G2 and H20 are very close. The formation of 

H-bonds in both polymers was assessed via FTIR, where a higher fraction of OH···OH 

H-bonds was found in G2 as compared to H20.  

The glass transition temperature of G2 and H20 was measured by DSC. DSC 

results showed that Tg of H20 was much lower than that of G2, which is due to its lower 

molecular weight, and broad molecular weight distribution as revealed by NMR. 

The volumetric properties of G2 and H20 were probed via PVT dilatometry, 

where H20 displays greater thermal expansivity as compared to G2. A small hump can be 

observed on the V-T curves of H20 at above Tg, which is due to the formation of the 

mesophase. Through the analysis of the thermal expansion coefficient, it was found that 

the formation of mesophase at temperatures between Tg and 60°C above Tg affects the 

thermal expansion behavior of H20 at higher temperatures. The compressibility of G2 

and H20 was also analyzed, which shows a decreasing trend against pressure. At the 

same temperature, H20 shows slightly greater compressibility than that of G2. 
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The SS-EOS was found to be able to fit the PVT surface of G2 and H20 with 

accuracy. The thermodynamic parameters extracted from SS-EOS reveal that the 

flexibility of the H20 molecule is higher than that of G2, which is attributed to the ether 

bonds in the PP50 core. It was also found that the hydrogen bonding interaction in G2 is 

greater, which can be ascribed to the higher fraction of OH···OH H-bonds. Free volume 

and occupied volume were also determined via the fitting of SS-EOS. Higher free volume 

was found in H20 which contributes to its higher specific volume. The slower increase of 

free volume with temperature in G2 can be attributed to the stronger hydrogen bonding 

interaction. The pressure dependence of h for G2 and H20 is very close, which shows 

good consistent with the small difference between the compressibility of G2 and H20. 
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CHAPTER III - COMPARATIVE STUDY OF DIELECTRIC RELAXATION 

CORRELATED TO HYDROGEN BONDING ORGANIZATION BETWEEN BIS-

MPA BASED HYPERBRANCHED POLYMER AND DENDRIMER: GAMMA-

RELAXATION 

Abstract 

Dynamic relaxation studies performed on 2,2-bis(hydroxymethyl)propionic acid 

(bis-MPA) based hyperbranched polymers (HBPs) have not yet been extended to their 

dendrimer analogs which require considerable synthetic efforts. In this chapter, a 

comparative study was conducted on a bis-MPA based second-generation HBP, 

BoltornTM H20, with its dendrimer analog, G2. The γ-relaxation of both G2 and H20, 

which is strongly affected by hydrogen bonding, was investigated via dielectric 

spectroscopy, and their hydrogen bonding organization which is mainly affected by 

branching irregularity and core structure was studied via molecular dynamics simulation. 

High dielectric constant and high permittivity strength were determined for G2 and H20, 

especially for G2, which was ascribed to the formation of H-bonded associations. The 

pre-exponential factors of γ-relaxation show a large deviation from the ideal value for 

Debye relaxation, especially for G2, which reveals the associative nature of the γ-

relaxation. Through dielectric analysis of partially and fully esterified H20, these unique 

dielectric properties of H20 and G2, including high dielectric constant, high permittivity 

strength, high activation energy, and low preexponential factor attributed to the formation 

of H-bonded chain-like clusters. Molecular dynamics simulation was conducted to 

analyze the hydrogen bonding organization. The chain-like cluster 𝑂𝑁+1𝐻𝑁, defined as a 

string of consecutive O-H∙∙∙O groups connected by H-bonded was also identified in the 
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G2 system. A similar study was also conducted on H20 and its corresponding dendrimer, 

D20, in order to reveal how core structure and branching irregularity affect the formation 

of H-bonded clusters. G2 displays a higher fraction of long clusters than H20, which is 

inconsistent with its higher dielectric constant and its larger deviation from Debye type 

relaxation. A higher fraction of long clusters in G2 was due to its higher portion of 

OH···OH H-bonds, which agrees well with the FTIR results. How the core structure and 

branching irregularity affects the formation of H-bonds was also analyzed. 

 

3.1 Introduction 

The H-bond organization and molecular dynamics of BoltornTM H20 and H30 

were probed via atomistic molecular dynamics (MD) simulation by Tanis etc., where the 

most abundant type of H-bonds was identified as those between hydroxyls, and slower 

local dynamics were ascribed to a higher fraction of intramolecular hydrogen bonding. 1 

Following that, our previous study on the H-bond organization within the bis-MPA based 

dendritic polymers identified ‘chain-like’ clusters formed by H-bonded O-H···O groups 

in systems via MD simulation. 2 However, the existence of the clusters becomes 

questionable when considering broad structure deviations of BoltornTM type HBPs, which 

cannot be completely simulated. 3,4 Besides, the formation of the mesophase of the HBPs 

cannot be computed via MD simulation due to the limitation of the time scale. 2 On the 

other hand, dendrimers, which are monodispersed, well-defined, and completely 

amorphous, would be ideal for simulation studies. Hence, a simulation study on the 

hydrogen bonding formation of a well-defined bis-MPA based dendrimer system can be 

easily verified via experimental methods. 
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Dielectric spectroscopy was employed to probe the molecular dynamics in bis-

MPA based HBPs due to its high sensitivity and wide range of temperatures and 

frequencies. However, these studies have not yet been extended to their dendrimer 

analogs due to their strict synthetic requirements. According to the early studies 

conducted on bis-MPA based HBPs using dielectric relaxation spectroscopy, high 

activation values were reported for their γ-relaxation, which was assigned to hydroxyl 

motions and were attributed to the extensive hydrogen bonding in the system. 5-8 For 

instance, in the most recent study conducted by Androulaki, etc., the activation energy of 

γ-relaxation of neat HBPs, which is ~65 kJ/mole, was significantly reduced by half when 

the HBPs were intercalated by hydrophilic sodium montmorillonite (MMT). 8 Though it 

was agreed that the high activation energy was strongly correlated to hydrogen bonding 

within bis-MPA based HBP systems, other features of the γ-relaxation, such as pre-

exponential factor and permittivity strength, have been rarely discussed. Therefore, how 

hydrogen bonding defines the mechanism of γ-relaxation was not well explained. 

Additionally, as these studies were all focused on the relaxation processes, their high 

dielectric constant and the rationale behind it has been neglected. It was found that small 

H-bonded molecules, for instance, water exhibits very high dielectric constant values at 

ambient conditions. Except for the high density of dipoles, one of the major factors for 

the high dielectric constant is that water forms association via H-bonds and respond to 

electric fields cooperatively in groups of about three rather than individually. 9, 10 Hence, 

we assume that that the high dielectric constant of bis-MPA based dendritic polymers 

may be correlated with the formation of H-bonded clusters. 
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Therefore, a simulation study on the hydrogen bonding in addition to a dielectric 

study on the molecular dynamics of a bis-MPA based well-defined dendrimer system 

would provide us an insightful understanding of the mechanism of the sub-Tg relaxation 

in hydroxylated dendritic polymers. Moreover, comparing the well-defined dendrimer 

with corresponding HBP will reveal how hydrogen formation and correlated relaxation 

properties are affected by structural irregularity and polydispersity. It was hypothesized 

that the high dielectric constant and high activation energy of the γ-relaxation of bis-

MPA based dendritic polymers is due to the formation of H-bonded clusters. 

 

3.2 Experimental Section  

3.2.1 Materials and sample preparation  

The second-generation hyperbranched polyester (HBP), BoltornTM H20 was 

kindly donated by Perstorp Polyols Inc. This commercially available dendritic polymer 

was synthesized via the one-pot method using ethoxylated pentaerythritol (PP50) core 

and 2,2-bis(methylol)propionic acid (bis-MPA) branching monomer. 

Boltorn hyperbranched polyesters of this class are typically designated in the 

literature as HX0, where X denotes the pseudo-generation number. The theoretical (based 

on composition) molecular weight of H20 is 1749 g/mol. As reported by Perstorp the 

number average molecular weight of H20 however is somewhat greater, i.e. 2100 g/mol. 

The degree of branching (DB) of H20 determined by NMR has been reported as 0.261 

using the definition given by Frey11,. 

For a comparison with H20, the perfectly branched second-generation dendrimer, 

designated hereafter as G2, was synthesized in house from bis-MPA branching monomer 
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and pentaerythritol core using a diverging approach via anhydride coupling as described 

elsewhere. 13, 14 The molecular weight of G2 based on its structure was calculated as 

1529.5 g/mol. Nearly the same weight, 1528.8 g/mol, was determined by MALDI-ToF 

MS, thus confirming the unimolecular distribution of G2. Thin films of G2 and H20 were 

prepared using the Carver Melt Press by following the procedure detailed in Chapter II. 

End capping modification of H20 (targeting 50% of esterification) was carried out 

following the methodology of alkylation proposed by Malmstrom and Hult as shown in 

Scheme 3.1. 15 In a 500 ml round bottom flask, 5.0 g (2.86 mmol) of H20 was first 

dissolved in 40 ml of acetone. Then, triethylamine (3.47 g/ 34.4 mmol) and 4-dimethyl 

aminopyridine (DMAP) (0.30g/2.4 mmol) were successively added to the flask and 

mixed with the solution. The flask was cooled to 0oC using an ice-water bath. In parallel, 

liquid acetyl chloride (1.80g/22.9mmol) was mixed with 50 ml acetone in a dropping 

funnel and added to the flask dropwise over 3 hours to initiate the reaction which then 

continued overnight until completion. To separate the modified polymer from 

trimethylamine hydrochloride, NaHCO3 containing water solution (10% wt/wt) was 

poured into the flask. After the phase separation, the bottom liquid layer was enriched 

with the polymer while the top layer mainly contained a water-salt solution. The bottom 

liquid layer containing polymer was collected using a separatory funnel. Importantly, 

dichloromethane was added to ease the flow of a very viscous polymer enriched phase 

through the funnel. To further purify the polymer containing phase from NaHCO3, HCl 

water solution (2M) was then added and the bottom layer containing the polymer phase 

was again collected. The last procedure was repeated until no bubbles were formed 

indicative of no NaHCO3 left in the polymer containing phase. Then the polymer 
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containing phase was washed with DI water to remove NaCl, separated and collected 

again. The remaining solution was separated from the aqueous phase and repeatedly 

checked with AgNO3 for Cl ions and when not found, the procedure of purifying the 

modified polymer from the salts was assumed to be completed. The polymer containing 

phase was dried by adding MgSO4 to remove water. The pure product was obtained after 

evaporation of the remaining traces of acetone and dichloromethane. The product 

resembled a highly viscous liquid. The structure of H20-derivative was analyzed by 

NMR and FTIR spectroscopy. 

 

Scheme 3.1 End capping modification of BoltornTM H20 with acetyl chloride. 

 

3.2.2 Experimental methods 

Thermal behavior was investigated by differential scanning calorimetry (DSC) 

using a TA Instruments DSC Q-100. The calibration was carried out using indium and 

sapphire standards. Samples were first heated to 200°C at a rate of 10°C/min to erase 

thermal history, quenched to -90°C at 5°C/min, and then heated to 200°C at 10°C/min. 

The second heating scans were reported. 

The infrared spectra were collected using a Perkin-Elmer 1600 FTIR 

spectrometer. Thin films on the NaCl plates were prepared by solution casting using 
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acetone. After solvent evaporation, the films were dried in vacuum for 12 hr to remove 

any traces of acetone and water.  

The 1H NMR spectra were collected using a Varian VXR 300 NMR spectrometer. 

For the measurements, the polymer was dissolved in DMSO-d6 at the concentration of 

1% (wt/wt). 

Dielectric measurements were carried out by a Novocontrol GmbH Concept 80 

Broadband Dielectric Spectrometer using the frequency range 0.01 to 1 MHz and 

temperature range -100 to 100 °C respectively. Each sample was loaded into the sample 

cell (BDS1308) designed for testing liquids then heated to form a melt and then 

sandwiched between two stainless-steel electrodes separated by a Teflon ring-spacer with 

an inner diameter of 17.4 mm and thickness of 0.25 mm. Prior to the dielectric 

measurement, each electrode-sample assembly was dried in vacuum at 60 °C for 24hr and 

then conditioned in a nitrogen atmosphere with 20% RH for another 24hr. Dielectric 

spectra were recorded every five degrees during cooling. At each testing temperature, 

samples were thermally equilibrated for 30 min before data collection. 

Wide-angle X-ray diffraction (WAXS) experiments were performed under 1 mbar 

using a Rigaku S-Max 3000 3 pinhole SAXS system, equipped with a rotating anode 

emitting X-ray with a wavelength of 0.154 nm (Cu Ka). The sample-to-detector distance 

was 82.5 mm, and the q-range was calibrated using a silver behenate standard. WAXS 

two-dimensional diffraction patterns were obtained using an image plate with an 

exposure time of 1 h. WAXS profiles were vertically shifted to facilitate a comparison of 

peak positions. WAXS data were analyzed using the SAXSGUI software package to 

obtain radically integrated WAXS intensity versus 2θ.  
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Molecular Dynamics (MD) Simulations 

MD simulations were used to model the structure of G2, G2-CH3, H20, and D20 

system in the bulk, among which G2-CH3 is the fully acetylated G2 and D20 is the 

corresponding dendrimer of H20. Chemical structures of these 4 dendric polymers were 

shown in Figure 3.1. The simulation was conducted using Materials Studio software 

available from Accelrys® (Accelrys Software, Inc., San Diego). The Amorphous Cell 

program was used to construct an initial amorphous packing structure containing in each 

case 50 molecules. Each atom and molecule in the amorphous cell were assigned a 

unique name, e.g. O22, H5876 Molecule5, etc. The amorphous cell was constructed with 

a starting density of 0.5 g∙cm-3 and atomistically modeled using the Discover program 

and the COMPASS forcefield. The Ewald summation method was used for all energy 

calculations. Following minimization, MD runs of alternating NVT and NPT ensembles, 

between 650 K and 298 K and 1750-0.1 MPa were performed to obtain a relaxed 

amorphous cell at 298 K and 1 atm. The appropriateness of the forcefield and the 

simulation protocol adopted for the systems were verified by comparing the final 

densities obtained from simulations with ones determined experimentally. In the final 

stage of the simulation, 1ns production runs (NVE ensembles) with a time step of 1 fs 

and frame-saving frequency of 0.1ps were performed, creating final trajectory files 

consisting of 10,000 frames, which were used for further analysis.  
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Figure 3.1 Chemical structures of G2, G2-CH3, H20, D20.  

 

The structure of the three systems was analyzed using the Forcite program. The 

radius of gyration of dendritic molecules in the bulk, pair correlation function (PCF), and 

the X-ray scattering pattern, have been calculated. The global configuration of each 

dendritic polymer was described by the radius of gyration, Rg, which is the root mean 

square distance of the atoms in the molecule from their common center of mass, 

calculated as follows 

Rg
2 =

∑ 𝑚𝑖𝑠𝑖
2𝑁

𝑖=1

∑ 𝑚𝑖
𝑁
𝑖=1
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where mi denotes the mass of atom i, s denotes the distance of atom i from the center of 

mass, and N denotes the total number of atoms.16 The Rg was calculated for all molecules 

in the amorphous cell and over all frames in the trajectory file. 

The pair correlation function (PCF), g(r), which describes how the number 

density of atoms varies as a function of distance from a reference particle has been 

calculated as follows 

𝑔(𝑟) =
1

4𝜋𝑟2

1

𝑁𝜌
∑ ∑〈𝛿(𝑟 − |𝑟𝑘 − 𝑟𝑖|)〉

𝑁

𝑘≠𝑖

𝑁

𝑖=1

 
   

where N is the total number of atoms, ρ=N/V is the average number density of atoms in 

the cell, and the angle brackets indicate an ensemble average. 17 The total, and inter- and 

intramolecular g(r) was calculated using a bin interval of 0.1 Å. Periodic self-interactions 

were included in the calculations. 

X-ray scattering patterns were simulated within a 2θ scattering angle range of 1 to 

60° using λ = 0.15417 nm. The scattering intensity was calculated based on the Debye 

scattering equation as follows 

𝐼(𝑄) = ∑ ∑ 𝑓𝑖(𝑄)𝑓𝑗(𝑄)
sin(𝑄𝑟𝑖𝑗)

𝑄𝑟𝑖𝑗
𝑗𝑖

 
   

where Q is the scattering vector (𝑄 = |𝑸| = 4𝜋𝑠𝑖𝑛(𝜃)/𝜆), 𝑟𝑖𝑗 is the vector joining atoms 

i and j (𝑟𝑖𝑗 = |𝑟𝑖 − 𝑟𝑗|), and fi(Q) and fj(Q) are the atomic scattering factors of these 

atoms respectively.18 The Forcite script utilized a binning function to calculate atom pair 

separations, 𝑟𝑖𝑗, for each atomic pair, which are averaged over all atoms in the amorphous 

cell and all frames in the trajectory file.19 Atom pair separations greater than the cutoff 
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distance were not included in the calculation. For all simulations, the cutoff distance was 

set to half the length of each respective amorphous cell. 

A custom-made program, ‘Traced Hbonds’ was employed to investigate the 

formation of the H-bonds in all simulated systems. In this study, the H-bond was defined 

as the attractive interaction between one donor hydrogen from a hydroxyl group and 

acceptor oxygen from another moiety. As shown in Figure 3.2, the proton acceptor group 

OY can be anyone from hydroxyl, carbonyl, ester, and ether groups. The criteria of the 

H-bond were a maximum hydrogen acceptor distance of 2.5 Å and a minimum donor-

acceptor angle of 90°. The software was used to analyze the final trajectory files for all 

hydroxylated systems. 

 

 

Figure 3.2  Schematic of a hydrogen bond between a donor hydroxyl group, O-H, and 

an acceptor group, O-Y. The dashed line represents the hydrogen bond. The hydrogen 

donor atom is highlighted in blue and the oxygen acceptor atom in red. The hydrogen 

bond length and angle are indicated. 

 

The chain-like cluster, represented by 𝑂𝑁+1𝐻𝑁, was defined as a string of 

consecutive O-H∙∙∙O groups connected by H-bond which starts with oxygen from the 

donor hydroxyl group and ends with an oxygen atom from an acceptor group. The length 

of one hydrogen bonded chain-like cluster was defined by the number H-bonds it 
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contains. For instance, the H-bonded cluster shown in Figure 3.3 starts with the 1st O and 

ends with the 4th O, of which length equals to 3.  

 

Figure 3.3 Schematic of a hydrogen-bonded cluster where the H-bond was represented 

by blue dash line, acceptor oxygen atoms are highlighted in red, and the donor 

hydrogen atoms are highlighted in green. 

 

3.3 Results and Discussion 

3.3.1 NMR  

 

Figure 3.4 NMR spectra of (A)H20-50CH3, (B) H20-CH3. 
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The partially and fully esterified H20 was termed as H20-50CH3 and H20-CH3 

respectively, where 50 stands for the theoretical degree of esterification. The NMR 

spectra of H20-50CH3 and H20-CH3 are presented in Figure 3.4 and the integrated 

values of each peak are also listed in Table 3.1. Derivatization of H20 with acetyl 

chloride changed the NMR spectrum significantly. An extra peak appeared at 1.99 ppm 

for both H20-50CH3 and H20-CH3, which was assigned to the protons concomitant with 

acetyl methyl groups, the products of hydroxyl group esterification. Comparing H20-

50CH3 with H20-CH3, the intensity of proton signals associated with both terminal and 

linear hydroxyls was noticeably reduced but to a different extent. The greater I(OH)L 

peak as compared to I(OH)T indicates that the remaining unreacted hydroxyls in H20-

50CH3 after derivation are predominantly linear hydroxyls. For H20-CH3, only small 

traces of linear hydroxyls can be detected, indicating the esterification is close to 

completion. By comparing the [I(OH)T + I(OH)L]/I(CH3) ratio for H20-50CH3 and H20-

CH3 with unmodified H20, the actual degree of esterification of them was determined to 

be 60.1% and 97.3% respectively, where the former one is little higher than the target 

value. 
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3.3.2 FTIR 

Figure 3.5 shows a comparison of the FTIR spectra of H20 with the two 

derivatized systems at room temperature. The antisymmetric methylene stretching peak at 

2945 cm-1 (peak deconvolution is shown in the insets) was used for spectra normalization 

in this case as the concentration of these units remains unchanged during esterification 

reaction. It can be observed that after esterification, the intensity of vOH and vCO peaks 

was significantly reduced and enhanced respectively. The disappearance of vOH in H20-

Table 3.1 Integrals of the 1H NMR signals of individual protons for H20, H20-

50CH3, and H20-CH3. 

Assignment H20 H20-50CH3 H20-CH3 

I(CH3)D 3.86 17.66 32.09 

I(CH3)L 22.16 14.69 3.86 

I(CH3)T 10.14 3.4 - 

I(CH2OR) 47.69 24.04 18.56 

I(CH2OOCR) 24.13 38.82 54.12 

I(OH)T 9.56 1.9 - 

I(OH)L 7.02 4.28 0.44 

I(CH3COOR) - 24.44 42.39 

Calculated values    

DB 0.258   

OH/CH3 1.38 0.55 0.04 

Degree of 

esterification 
 60.1% 97.3% 
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CH3 also indicates the completion of the esterification reaction. Importantly, when 

comparing H20-50CH3 with H20, derivatization with acetyl chloride produced a minor 

blue-shift effect as compared to the effect of temperature but noticeably reduced the 

intensity of vOH peak practically all over the corresponding frequency range. The 

difference spectrum displayed in Figure 3.5 (C) shows no negative difference in this case 

as compared to the temperature effect. We believe that a decrease of vOH peak intensity 

can be in part due to a decrease in the number of hydroxyl groups as well as due to some 

weakening of hydrogen bond associations. Importantly, it seems derivatization, however, 

does not produce a large number of free (unbonded) hydroxyl groups. As the NMR 

results indicate that the remaining hydroxyl in H20-50CH3 is mainly linear hydroxyls, 

we believe that hydrogen bonding still exists in the system which is predominantly 

between hydroxyl hydrogens and the carbonyl oxygens. Note, the concentration of 

carbonyl groups greatly increases upon derivatization as one can clearly see on the FTIR 

difference spectrum (Figure 3.5 (C)). 
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Figure 3.5 Combined FTIR spectra of (A)H20-50CH3 and (B) H20-CH3 with H20, 

difference spectra obtained by subtraction of the spectra of H20-50CH3 from that of 

H20. The insets in (A) and (B) are the peak deconvolution of the methyl and methylene 

stretching peak of H20-50CH3 and H20-100CH3 respectively. 
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3.3.3 DSC  
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Figure 3.6 DSC thermograms of G2, H20, H20-50CH3, and H20-CH3. 

 

It was informative to compare thermal transitions in H20-50CH3 and H20-CH3 

systems with those in G2 and H20. The DSC curves of the four investigated systems are 

shown in Figure 3.6. Glass transition temperature, Tg, of G2, H20, H20-50CH3, and H20-

CH3 was determined as 49°C, 4°C, -11°C and -18°C respectively. As discussed in the 

previous chapter, the lower Tg of H20 originates from its low Mw and broad Mw 

distribution resulting from the nature of the one-pot synthesis method.3, 20 Lower Tg of the 

esterified systems as compared to H20 can be attributed to the reduction and the 

weakening of hydrogen bonding as reflected by the FTIR spectra.  

Above Tg, like G2, both H20-50CH3 and H20-CH3 show no transitions, whereas 

H20 displays formation and melting peaks for the mesophase.2, 21 This indicates that the 

formation of the mesophase in both H20-50CH3 and H20-CH3 has been disrupted.  
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3.3.4 Dielectric analysis 
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Figure 3.7 The real part of complex dielectric permittivity of (A) G2 and (B) H20 and 

the imaginary part of complex dielectric permittivity of (C) G2 and (D) H20 against 

temperature under different frequencies. 

 

Figure 3.7 shows the real and imaginary part of the complex permittivity for H20 

and G2, 𝜀′and 𝜀", as a function of temperature at frequencies from 0.1 to 106 Hz. One 

sub-Tg relaxation process was identified on 𝜀" spectra of both G2 and H20 at similar low-

temperature range. Relaxation peaks for H20 can be observed at -70~0°C at low 

frequencies whereas those for G2 can be observed at -70~30°C over the eight different 

frequencies. This relaxation process was identified as γ-relaxation and was ascribed to the 
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motions of hydroxyls according to the literature.5-7 Above Tγ, another sub-Tg relaxation 

was observed on the ε" spectra of G2 and absent on that of H20. This relaxation will be 

discussed in the next chapter. At temperatures above Tg especially at low frequencies, 

both polymers exhibit abrupt increases of 𝜀′and 𝜀", which are due to the effect of 

electrode polarization and DC conductivity.6, 7, 22. Hence, the α-relaxation for both 

systems is masked.  

Other than the relaxation, it can be found that both H20 and G2 exhibit very high 

dielectric constant values. For instance, at 20 °C and 1MHz where the effects of DC 

conductivity can be neglected, the 𝜀′ values of H20 and G2 are determined as 5.8 and 

11.4, respectively. Comparing with common polymers, such as polyamide (PA), 

polycarbonate (PC), polypropylene (PP) and polyvinyl chloride (PVC), of which the 

𝜀′ values are around 3 at similar conditions, those of G2 and H20 are considerably higher 

especially G2.23-25 It should be noted that the high ε′values were detected on the plateau 

region right after γ-relaxation, hence we assume that high ε′values are related to the 

polarization involved in γ-relaxation. In addition, within the temperature range of γ-

relaxation, the ε′ of H20 and G2 also exhibit strong frequency dependence, especially for 

G2. From 0.01Hz to 1MHz, 𝜀′ of G2 drops from ~10 to ~3, and that of H20 reduces from 

~5 to ~3. The frequency dependence of 𝜀′ of both polymers is strong compared with 

common polymers, among which are not only just non-polar ones, such as PE and PP, but 

also polar ones such as polyethylene terephthalate (PET).26-30 For instance, at 20°C, from 

the 100Hz to 1MHz, 𝜀′ of G2 drops from 10.7 to 7.5 whereas that of PET drops from 3.4 

to 3 under similar conditions.29, 30 As both the high value and strong frequency 

dependency of ε′ is correlated to the γ-relaxation in both systems, the dielectric spectra as 
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a function of frequency within the temperature range of γ-relaxation was carefully 

analyzed. 
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Figure 3.8 Real ((A) and (B)) and imaginary ((C) (D)) parts of complex dielectric 

permittivity for G2 ((A) and (C)) and H20 ((B) and (D)) at temperatures between -60 

and -10 °C.  

 

The real and imaginary parts of the complex permittivity for H20 and G2 as a 

function of frequency at temperatures from -60 to -10°C are shown in Figure 3.8. From 

the ε′ spectra of both systems, a plateau can be observed at low frequencies and beyond 
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the center point, the ε′ starts to decline with the frequency. At frequencies where ε′ starts 

declining, a peak starts to appear on the ε″ spectra. This confirms that high dielectric 

value and strong frequency dependency of ε′ is contributed by the γ-relaxation. To better 

analyze the γ-relaxation, the experimental data were fitted to the Havriliak-Negami (HN) 

equation in order to extract the dielectric constant value and the characteristic relaxation 

time at each temperature interval. 31, 32 The built-in HN equation of the WINFIT software 

by Novo-control is composed of a conductivity term and an HN term: 

𝜀∗ = 𝜀′ − 𝑖𝜀" = −𝑖 (
𝜎𝑑𝑐

𝜀0𝜔
)𝑁 +  ∑[

∆𝜀𝑘

(1 + (𝑖𝜔𝜏𝐻𝑁)𝛼𝑘)𝛽𝑘
+  𝜀𝑢𝑘]

3

𝑘=1

 
  

where the first term of the equation characterizes the conductivity effects. 𝜎𝑑𝑐 is the DC 

conductivity and the exponent N reflects the degree of interconnectivity of charge 

hopping pathways.33 𝜀0 = 8.854 × 10−12 F∙m-1, which is the permittivity of the vacuum. 

𝜔 = 2𝜋𝑓, which is angular frequency. The other three terms account for the relaxation of 

dipole motion. For each term, ∆𝜀𝑘 is the permittivity strength, which is defined by ∆𝜀𝑘 =

 𝜀𝑟𝑘 − 𝜀𝑢𝑘, where 𝜀𝑟𝑘 and 𝜀𝑢𝑘 are the 𝜀′ at relaxed (zero frequency) and unrelaxed state 

(infinity high frequency) respectively. α and  are parameters that describe the width and 

symmetry of the relaxation peak. 31 The Havriliak-Negami relaxation time, 𝜏𝐻𝑁 , is related 

to the actual relaxation time, 𝜏𝑚𝑎𝑥, which is determined by equation 𝜏𝑚𝑎𝑥 =
1

2𝜋𝑓𝑚𝑎𝑥
, 

where 𝑓𝑚𝑎𝑥 is the frequency at the loss peak maximum.  
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Figure 3.9 Permittivity strength and the permittivity at the relaxed state of G2 and H20 

at temperatures from -55 to -25 °C.  

 

Through HN analysis, ∆ε and εr of G2 and H20 for the γ-relaxation were 

determined and presented in Figure 3.9, where both values show little temperature 

dependence. The extracted ∆ε and εr for G2 approximately equal to 7.8 and 10.4 

respectively and those for H20 are around 4.0 and 5.1 respectively. Those values agree 

well with our observation from Figure 3.9. As the γ-relaxation was ascribed to the 

hydroxyl motions, the high ∆ε value of both systems is correlated to the orientations of 

the hydroxyls. The ∆ε values of G2 and H20 are much higher than polymers containing 

dipoles with similar dipole moment as that of hydroxyls, which is 1.5 D.34 For instance, 

the ∆ε values for secondary relaxation of PVC are around 0.7.35 This suggests that the 

hydrogen bonds have a strong influence on the polarization of hydroxyls in the electric 

field. 

The high ∆ε contributes to the high εr for both systems as εu comparably is low. 

Hence, we assume that the high dielectric constant of G2 and H20 is due to not only the 
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high concentration of hydroxyl groups but also the formation of hydrogen bonds. It was 

found that liquid systems of small protic molecules such as water and methanol, exhibit 

very high dielectric constant values at ambient conditions, which are around 80 and 30, 

respectively. 9, 36 Water molecules, for instance, being extensively H-bonded, respond to 

electric filed cooperatively in groups of about three rather than individually.9 The 

association forms a larger dipole, which increases the dielectric constant. Not just small-

molecule systems, linear hydroxylated polymer systems, such as polyethylene glycol 

(PEG) and polyvinyl alcohol (PVA), also display high dielectric constant values 

contributed by hydrogen bonding.37-39 For instance, at ambient conditions, 𝜀′ of PVA are 

around 5, which is higher than that of other polar polymers.40 In addition, it should be 

noted that the hydroxyl density per unit volume for PVA (27~30 mmol/cm3) is much 

higher than those of H20 (12.3 mmol/cm3) and G2 (13.5 mmol/cm3), which suggests that 

hydroxyls in H20 and G2 are more associated via H-bonds than in PVA.  
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Figure 3.10 Arrhenius plots for the γ-relaxation of G2 and H20. 
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Figure 3.10 shows the temperature dependence of the 𝑓𝑚𝑎𝑥 of γ-relaxation 

determined by NH analysis. 𝑓𝑚𝑎𝑥of γ-relaxation follows the Arrhenius dependence, 

which is defined as 

𝑓𝑚𝑎𝑥 = 𝑓0exp (
𝐸𝑎

𝑅𝑇
). 

  

where Ea is the activation energy of γ-relaxation. The Ea values of G2 and H20 were 

determined as 93.2 kJ/mol and 84.0 kJ/mol respectively, which are much lower than the 

reported one of H20, which is 139kJ/mol.6 It has been neglected that, despite the same 

nomenclature of Hx0, there exist two different classes of Boltorn type HBPs: one 

contains PP50 as the core molecule, and one contains trimethylolpropane (TMP) core 

instead.5-8 Listed in Table 3.2 are the comparison of Tg, Tγ, and Ea between the two Hx0 

HBP systems, where HBPs containing TMP core are termed as Hx0-TMP, and those with 

PP50 core are termed as Hx0-PP50. The data reported by Androulaki etc. are not 

included here as the core molecules were not specified.8 Regardless of the different 

testing methods, Hx0-TMPs exhibit higher Tg, Tγ, and Ea than Hx0-PP50s. Especially the 

Ea of Hx0-TMPs, which was determined in the range of 90 ~ 120 kJ/mole, was even 

higher than that of G2 despite their polydispersity and structural irregularity. As the OH 

number reported for H20-TMPs is similar to what we determined for H20-PP50, we 

anticipate that the differences in Ea values are mainly due to their different core 

structures. Since TMP is a simple trifunctional molecule of which size is smaller than 

tetrafunctional PP50, we assume that Hx0-TMPs are much smaller and more globular 

than Hx0-PP50s. Hence, Hx0-TMPs are more densely packed than Hx0-PP50s. Denser 

packing creates more constraints for motions of hydroxyls and hence increases the 
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activation energy. This hypothesis is supported by the higher Tg of Hx0-TMPs, which 

implies lower free volume content.  

 

Table 3.2 Comparison of Tγ, Tg and Ea between Hx0-TMPs and Hx0-PP50. 

Hx0-TMP 

Generation # 
Tg (°C) Tγ (°C) Ea (kJ/mol) 

2 306 -586, -507 1396 

3 356 -556, -627 1286, 1067 

4 486, -516, -577 956, 907 

5 476 -50.85,-526, -497 945, 926, 98.87 

Hx0-PP50 

Generation # 
Tg (°C) Tγ (°C) Ea (kJ/mol) 

2 4, 141 -66 84 

3 1041 - - 

4 2241 - - 

6Tg was determined by DMA at 1 Hz, Tγ was determined from M″ peak at 26Hz. 

41Tg was determined by DSC. 

7Tγ was determined from ε″ peak at 1 Hz. 

 

Despite of the discrepancies with the experimental and the reported values, Ea 

values determined for both H20 and G2 are still much higher than those of common 

polymers such as Nylon 6, PP, polyimide, and PEEK, and even those of linear 

hydroxylated analogs such as polyvinyl alcohol (PVA) and polyally alcohol (PAA), 

which are around 60 kJ/mole.42-47 This suggests constraints imposed by the hydrogen-

bond network within the dendritic polymers is greater than linear systems. The pre-
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exponential factor, τ0, which is defined by 𝜏0 =
1

2𝜋𝑓0
, was determined for G2 and H20 as 

1.84 × 10−24s and 2.24 × 10−22s respectively. Apparently, their pre-exponential factor 

τ0 is much lower than the ideal value for Debye relaxation, which is ~10-13 s, especially 

for G2. 48, 49 The differences originate from the excess enthalpy and entropy involved in 

the relaxation, which suggests that the γ-relaxation of both H20 and G2 is an associative 

process. Therefore, we hypothesize that the γ-relaxation in H20 and G2 is corresponding 

to the associative motions of hydroxyls mediated via H-bonds. Higher Ea and lower τ0 of 

G2 indicate that the hydroxyls in the system are more extensively bonded than those in 

H20. To prove our hypothesis, the dielectric properties of the esterified H20 were 

analyzed. 

The complex permittivity for H20-50CH3 and H20-CH3 as a function of 

temperature at frequencies from 0.1 to 106 Hz are shown in Figure 3.11. A relaxation was 

observed on the dielectric spectra of H20-50CH3 and H20-CH3 at -10~40°C and -

20~30°C respectively, which is ascribed to α-relaxation. Another relaxation was observed 

on H20-CH3, which is corresponding to electrode polarization. Like H20 and G2, abrupt 

increases of ε′ and ε″ was also observed for H20-50CH3 and H20-CH3 at above Tg. On 

the other hand, the existence of γ-relaxation can not be detected from Figure 3.11easily. 

Still, one can notice that the frequency dependence of ε′ of H20 at temperatures below Tg 

is significantly depressed after esterification.  
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The γ-relaxation of H20-50CH3 and H20-CH3 was detected at a much lower 

temperature range, which is -70~-100°C. This indicates that the hydroxyl motions in the 

esterified system are less hindered and cause fewer energy losses. As shown in Figure 

3.12, the intensity of the γ-relaxation peak is reduced by more than one order of 

magnitude for both esterified systems, specially H20-CH3, which confirms that the γ-

relaxation in H20 is correlated to hydroxyls. The 𝜀′ values of H20-50CH3 and H20-CH3 
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Figure 3.11 Real ((A) and (B)) and imaginary part ((C) and (D)) of complex dielectric 

permittivity of H20-50CH3((A) and (C)) and H20-CH3((B) and (D)) against 

temperature under different frequencies.  
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were found at ~3.1 and ~4.2 respectively, which are slightly lower than that of H20. It 

should be noted that the dipole moment of ester groups, which is 1.8 D, is slightly higher 

than that of hydroxyl ones, which is 1.5 D. 34, 50 Hence, the reduction of dielectric 

constant in H20-50CH3, cannot be attributed to the reduction of the polarity of the 

system, but the disruption of the hydrogen bonding formation. H20-CH3 displays higher 

ε′ values than H20-50CH3 because of the effect of diminishing H-bonds is offset by 

increasing polarity. Therefore, it can be confirmed that high dielectric constant values of 

H20 and G2 are not just because of the high polarity of individual hydroxyls, but also due 

to the hydrogen bonds which increase dipole moment by forming associations.  

The HN analysis was only performed on H20-50CH3 as the γ-relaxation of H20-

CH3 can be barely resolved. Through HN analysis, the ∆ε for γ-relaxation of H20-50CH3 

was determined as 0.8~1.3 which is considerably lower as compared to that of H20, 

which is around 4. Similar ∆ε reduction was also reported by Androulaki etc., where ∆ε 

of Boltorn HBPs was reduced from 2~6 to 0.2~0.9 when they were confined by 

hydrophilic sodium montmorillonite (MMT).8 Though the hydroxyl density was 

unchanged, their capacity of forming hydrogen bonds was deteriorated due to spatial 

restriction imposed by the nanoplatelets. This also suggests that γ-relaxation of H20 and 

G2 are cooperative motions corresponding to hydrogen-bonded associations.  
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Figure 3.12 Real ((A) and (B)) and imaginary part ((C) and (D)) of complex dielectric 

permittivity of H20-50CH3 ((A) and (C)) and H20-CH3 ((B) and (D)) against 

frequency at -70~-100°C.  

 

From the Arrhenius plot shown in Figure 3.13, Ea of the γ-relaxation of H20-

50CH3 was determined as 34.3 kJ/mol. Comparing to the Ea of H20, which is 84.0 

kJ/mol, the huge reduction in Ea after esterification indicates suggesting that the 

hindrance imposed on the related motion is depressed significantly. Meanwhile, the τ0 of 

H20-50CH3, which was determined as 8.22 × 10−15s, was found to be very close to that 
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of Debye relaxation, indicating the nature of the γ-relaxation shifted from associative to 

individual motions of hydroxyls upon esterification. 
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Figure 3.13 Arrhenius plots for the γ-relaxation of H20, G2, and H20-50CH3 

 

So far, unique dielectric properties were found in G2 and H20, including high 

dielectric constant, high permittivity strength, high activation energy, and the non-Debye 

behavior of γ-relaxation. These features can all be attributed to the association formed 

between hydroxyls via hydrogen bonds. Considering the complete diminishment of these 

features in H20-50CH3, of which the existence of hydrogen bonding was proved by FTIR 

and DSC, we assume that the association cannot be formed by single H-bond. 

Additionally, since these features were not observed from the linear hydroxylated 

polymers, we hypothesize a unique hydrogen bonding association is formed within the 

dendritic polymers contributed by their branching structures, i.e. the chain-like hydrogen-

bonded clusters.  
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3.3.5 MD simulation 

 
Figure 3.14  WAXS intensity patterns (A) predicted from the final MD simulated 

structures of G2 and 100% esterified G2, G2-CH3 and (B) collected experimentally 

from G2, BoltornTM H20, and 100% esterified H20, H20-CH3. 

 

MD simulations were conducted to analyze the hydrogen bonding association and 

visualize the structures of H20 and G2. To decouple the effects of core structure from 

those of branching regularity, the corresponding dendrimer of H20, D20, was also 

studied. The appropriateness of simulation was verified by comparing the final density of 

each system with the experiment values. The simulated densities agree well with the 

experimental data. Specifically, the simulated density of H20, 1.261 g/cm3, is only by 

1.8% lower than the experimental density of H20, 1.284 g/cm3; the simulated density of 

D20, 1.248 g/cm3, is by 2.8% lower than the experimental density of H20, 1.284 g/cm3; 

the simulated density of G2, 1.278 g/cm3, is by 2.2% lower than the experimental density 

of G2, 1.307 g/cm3. 
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Figure 3.15  Two different visualizations of the hydrogen-bonded clusters within two 

G2 dendrimer molecules, where the blue dashed lines represent the hydrogen bonds. 

(A) shows two molecular structures in yellow and brown. (B) only shows the hydroxyl 

oxygen and hydrogen atoms in the two molecules, which are presented by red and 

white balls respectively.  

 

To confirm the existence of the hydrogen-bonded clusters in the G2, the X-ray 

scattering patterns of G2 and G2-CH3 systems were first simulated. As shown in Figure 

3.14 (A), an intense reflection at 2θ ≈ 17° as well as two smaller and broader reflections 

at 2θ ≈ 30° and 41° were observed on the simulated X-ray patterns of G2. On the other 

hand, G2-CH3, displays only two peaks, one at 2θ ≈ 17° and one at 42°, whereas the peak 

at 2θ ≈ 30° disappears. Hence, the peak at 2θ ≈ 30° is corresponding to the ordering of 

hydroxyls, which is due to the formation of H-bonded clusters as revealed by our 

previous research.2  

The simulated pattern for G2 looked virtually identical to the experiment one 

shown in Figure 3.14 (B). The WAXS pattern of H20 was also similar to that of G2 

except for the intense peak at 2θ ≈ 17°, which originated from the ordering of the 

mesophase into formed linear segments.2 The absence of the 2θ ≈ 30° peak was also 

observed on the WAXS pattern of the H20-CH3, which again, confirms that the structural 
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origin of the reflection peak is specifically related to the hydroxyl end-groups. Both 

simulated and experimental X-ray scattering support that the H-bonded clusters exist in 

the G2 system.  

Materials Studio program (Accelrys Software, Inc.: San Diego) was used for the 

preliminary visual assessment for the hydrogen-bonded clusters in G2. Shown in Figure 

3.15 (A) are two G2 molecules randomly picked from the amorphous cell of the final G2 

file. Hydrogen bonds, represented by dashed blue lines, were observed within and 

between the molecules and some of them are connected and form a string. The same 

structures are presented in a different form in Figure 3.15 (B), where all atoms were 

hidden except the hydroxyl oxygen and hydrogen atoms which are represented by red and 

white balls. From Figure 3.15 (B), not only single O-H∙∙∙O groups but also assemblies 

containing multiple consecutive O-H∙∙∙O groups were observed. The assemblies are the 

H-bonded chain-like clusters according to our previous simulation work on bis-MPA 

dendritic polymers. Since these two molecules were randomly picked out from 50 

molecules in the amorphous cell, we assume that these clusters are abundant in the G2 

system.  

To further investigate the formation of the H-bonded chain-like clusters, a more 

thorough analysis was conducted using a custom-made program ‘TracedHbonds’. Every 

H-bond, chain-like cluster, and force field of every proton acceptor was traced via 

‘TraceHbonds’. This allows us to calculate the average number of H-bonds and chain-

like clusters of different lengths, and identify the contributions of oxygen atoms from 

hydroxyl, carbonyl, ester, and ether groups to H-bond formation. For ease of comparison, 

the single O-H∙∙∙O was also considered as a chain-like cluster with chain length equals to 
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1. Figure 3.16 shows all chain-like clusters of O-H∙∙∙O groups traced by the 

‘TracedHbonds’ program in the final amorphous cell of G2 plotted in a 3-D system of 

coordinates. Three rotational views are conveniently displayed to help the reader. To 

better visualize the clusters, each cluster is represented by a hemisphere capped tube, 

with spline interpolation between adjacent hydrogen and oxygen atoms within the same 

cluster. To guide the eye, the diameter of the tubes is set at an arbitrary value. Clusters 

are colored by a gradient, blue to red, representing short to long lengths. In this very 

revealing 3-D representation, the clusters appeared as a crowded group of randomly 

oriented worm-like objects. Most of them are short, approximately 1 to 3 hydrogen bonds 

in length, but longer associations of 4-8 hydrogen bonds can also be clearly observed.  

 

 

Figure 3.16 Three-dimensional view of “chain-like-clusters” in the final relaxed 

amorphous cell of G2. Three rotated views of the amorphous cell are shown. Each 

cluster is represented by a hemisphere capped tube, with spline interpolation between 

adjacent atoms within the same cluster and diameter set at an arbitrary value to guide 

the eye. Clusters are colored by a gradient, blue to red, representing short to long 

lengths.  

 

To compare the formation of the H-boned cluster between G2, H20, and D20, a 

statistical analysis was performed on the 1000 frames of the final trajectory file of each 
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system, where the average total numbers of clusters per system were calculated as 315, 

292, 278 respectively. The number distribution of clusters of different lengths in G2, 

H20, and D20 system was shown in Figure 3.17 (A), (B) and (C) respectively. All three 

systems exhibit a similar exponential decreasing trend of cluster number with increasing 

cluster length. H20 shows the highest number of clusters composed of single H-bond, 

184, and D20 and G2 show lower number, 147. G2 displays the longest maximum chain 

length, 17, followed by H20, 13, and D20, 12. The fraction of clusters for each cluster 

length is shown in Figure 3.17(D). In each G2, H20, and D20 system, about 50~60% of 

clusters are composed of one H-bond and 40~50% are composed of two or more H-

bonds, contributing to an average cluster length of approximately two H-bonds. The order 

of decreasing fraction of clusters composed of one H-bond is: H20 (55.0%) > G2 (52.6%) 

> D20 (50.2%), while the order of decreasing average chain length is in reverse: D20 

(2.01 ± 0.04) > G2 (1.98 ± 0.04) > H20 (1.72 ± 0.04).  

The effect of the core molecule on the formation of H-bonded clusters can be 

revealed via the comparison between G2 with D20. The fractions of clusters composed of 

more than 9 H-bonds were higher in G2. In addition, G2 was able to form, though low in 

concentration, extra-long clusters (contain more 13 H-bonds) which were absent in D20. 

Hence, despite the fractions of clusters composed of one H-bond is higher in G2, the 

average cluster lengths of both systems are almost the same. Therefore, the overall effect 

of the core structure on H-bonded cluster formation is not very strong, though smaller 

core favors the formation of very long clusters. 

The effect of structural irregularity on H-bond clustering was assessed by 

comparing H20 with D20. H20 exhibits a higher fraction of the single-bond cluster and 
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the fraction curve decays faster with respect to increasing length of clusters. Hence, the 

average cluster length of H20 is apparently lower than that of D20. Therefore, structure 

irregularity has a negative effect on forming longer clusters.  
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Figure 3.17 Number distribution of chain-like clusters for each length for (A) G2, (B) 

H20, and (C) D20. (D) the fraction of chain-like clusters for each length. The 

corresponding insets display a zoomed-in view for clusters of a chain length of equal to 

or more than 8 hydrogen bonds. 

 

To reveal how structural regularity affects the clustering formation, the 

contributions of oxygens from different functional groups to H-bond formation were also 

analyzed and results are listed in Table 3.3. Of the 3 systems, hydroxyl oxygens are the 

predominant proton acceptors, which contributes to about 60% H-bonds, followed by 
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carbonyl oxygen, which contributes about 30%. Ester and ether oxygens, on the other 

hand, contribute only about 3%, or even lower. 

H20 shows about 10% lower contribution from hydroxyl oxygens and 3% higher 

contribution from carbonyl oxygens as compared to D20, which indicates that decreasing 

the degree of branching significantly reduces the portion OH···OH bonds and slightly 

increases that of OH···O=C bonds in dendritic polymers. Comparing G2 with D20, its 

contribution of hydroxyl oxygens is about 3% higher whereas that of carbonyl oxygens is 

about the same as D20, which suggests that a more globular structure will further 

increase the preference of forming OH···OH bonds.  

 

Table 3.3 Participation of different oxygen ‘acceptors’ in hydrogen bond formation  

 Contribution to Clusters Total 

Number of 

H-bonds 
 Hydroxyl Carbonyl Ester Ether 

G2 385 (69.8%) 163 (29.5%) 3 (0.6%) - 552 

H20 331 (56.4%) 179 (32.5%) 18(3.0%) 22 (3.8%) 551 

D20 390 (66.4%) 174 (29.7%) 3 (0.4%) 20 (3.5%) 587 

Note: Percentage was calculated from the total number of hydrogen bonds.  

 

Comparing H20 with G2, H20 shows a considerably lower fraction of OH···OH 

and a higher proportion of OH···O=C bonds, which agrees well with our FTIR results. 

This explains why higher fractions of long clusters were found in regular systems. Since 

hydroxyl groups contain both proton donor and acceptor, they can be positioned either at 
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the center or the end of each cluster. On the contrary, carbonyl, ester and ether groups 

which only serve as proton accepter, could only be located at the end of each cluster. 

Thus, a higher propensity for forming H-bonds with hydroxyl oxygens increases the 

probability of forming a long cluster in dendrimer systems, whereas higher tendency of 

forming H-bonds with carbonyl, ester and ether oxygens decreases the probability of 

forming longer clusters in H20. 

To analyze how molecular structure affects the hydrogen bonding and cluster 

formation, the molecular structure was visualized and analyzed using Materials Studio 

program. Three approximately orthogonal views of a representative molecule from the 

final amorphous cells of H20, D20 and G2 are shown in Figure 3.18. As expected, G2 

exhibits a more compact, sphere-like structure, and the remaining two systems clearly 

displayed more stretched pancake-like structures. The structural asymmetry of both H20 

and D20 was inherited from the PP50 core, which allows their final structures to be more 

stretched along the direction of the more extended ethoxylated arm. H20 was more 

unevenly stretched, due to its irregular branching structure which somehow intensified 

this asymmetry. Accordingly, H20 is the largest in size, Rg = 8.7 ± 0.5 Å, followed by 

D20, Rg = 8.2 ± 0.1 Å, and G2, Rg = 6.7 ± 0.2 Å.  

The spatial distribution of the end-groups, which are highlighted in yellow, was 

also investigated. For D20 and G2, all the terminal hydroxyls were found to be positioned 

at the periphery of the molecules. However, for H20, most of its end-groups gathered on 

the surface, some linear hydroxyls can still be detected within the molecule, which are 

circled in Figure 3.18. This supports our argument that structural irregularity strongly 

affects the preference of forming OH···O=C and OH···OH H-bonds in dendritic polymer 
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systems. For dendrimer systems, with all hydroxyls gathering on the surface, hydroxyls 

have higher chances of interacting with each other and hence increase the probability of 

forming O-H∙∙∙O-H bonds. On the other hand, for H20, with hydroxyls being more evenly 

distributed within the structure, chances for terminal hydroxyls interacting with carbonyl, 

ester, and ether groups are increased, which decreases probability O-H∙∙∙O-H bonds.  

 

 

Figure 3.18 Top, front, and right views of a representative molecule extracted from the 

final amorphous cell of H20, D20, and G2. The terminal hydroxyl oxygen atoms are 

highlighted in yellow. 

 

The pair correlation function between the center carbon atoms and hydroxyl 

oxygen atoms, g(r)c-o, was calculated for each dendritic polymer system to analyze the 
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effect of molecular structure on the spatial arrangement of hydroxyls. As shown in Figure 

3.19, the g(r)c-o functions of all 3 systems equal to 0 at r < 3.5Å, then the function starts to 

increase and reached a peak value at round r=8Å, and finally decays to 0. Comparing the 

position of the peak and the calculated Rg values, we can conclude that hydroxyls all 

positioned close to the molecular boundaries. The peak of G2 is higher and narrower as 

compared to H20 and D20, which indicates that the local concentration of hydroxyls 

within G2 is higher than H20 and D20. This explains why G2 displays a higher fraction 

of O-H∙∙∙O-H bonds as compared to D20 and its capability of forming an extra-long H-

boned cluster. 
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Figure 3.19 The intramolecular pair correlation function between the center carbon 

atoms and the hydroxyl oxygen atoms calculated for G2, H20, and D20. 

 

The spatial arrangements of hydroxyls within H20 and D20 are very similar 

though D20 does show a slightly narrower distribution. Hence, it raises a question of 

what causes such a huge difference in terms of H-bond formation. It can be explained by 
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the formation of intra-unit H-bonds within the same bis-MPA terminal unit. Though 

hydroxyls in both polymers are widely distributed in a similar pattern, hydroxyls in D20 

are able to form H-bonds with the hydroxyl next to it within the same terminal unit 

whereas those in H20 are not as likely as most of the hydroxyls are from the linear units. 

Therefore, with a considerably reduced portion of intra-unit H-bonds, H20 has a lower 

fraction of O-H∙∙∙O-H bonds. 

To sum up, the formation of chain-like H-bonded clusters explains unique 

dielectric properties of H20 and G2 perfectly, including the high dielectric constant 

values, and non-Debye nature of γ-relaxation. With all polar groups oriented in the same 

direction within the chain, the chain-like clusters are like larger dipoles, leading to high 

𝜀′. When the frequency is low, the dipoles within the same cluster rotate cooperatively 

with breaking and reforming H-bonds, which gives rise to the high Ea and the non-Debye 

τ0 values. As frequency increases, leaving no time for H-bonds to reform, dipoles start 

losing their orientation. This leads to a large reduction of dielectric constant at a relaxed 

state and hence, high ∆ε.  

The higher average cluster length of G2 coincides with its higher dielectric 

constant and more associative dielectric behavior of the γ-relaxation. It should be noted 

that as the hydroxyl concentration for H20 and G2 are very close, so their dielectric 

properties are mainly determined by the capability of forming long H-bonded clusters.  

 

3.4 Conclusion 

The dielectric properties of H20 and G2, as well as the nature of γ-relaxation, was 

investigated thoroughly via dielectric spectroscopy and MD simulation. High dielectric 
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constant and permittivity strength was found for both G2 and H20, especially G2. Since 

the hydroxyl concentration of G2 and H20 are very close, higher ε′ and Δε values of G2 

were ascribed to the associations formed by hydroxyl via H-bonds. High activation 

energy and the low preexponential factor were determined for the γ-relaxation for both 

polymers, indicating that the relaxation is non-Debye, which is corresponding to 

associative motions of hydroxyls rather than localized motions.  

Then dielectric analysis was conducted on partially and fully esterified H20, 

which named H20-50CH3 and H20-CH3 respectively. Before that, the actual degree of 

esterification for H20-50CH3 and H20-CH3 was determined via NMR as 60% and 97% 

respectively. Through FTIR, the existence of hydrogen bonding in H20-50CH3 can still 

be detected. No hydrogen bonding was found in H20-CH3. Tg of H20-50CH3 and H20-

CH3 was determined as -11°C and -18°C, which is significantly lower than that of H20, 

due to the reduction of hydrogen bonding.  

The dielectric data of both polymers shows lower dielectric constant and much 

lower permittivity strength as compared to H20 as the formation of hydrogen bonding 

association was disrupted. The γ-relaxation was shifted to a much lower temperature 

range. The γ-relaxation of H20-CH3 was barely detected which confirms that the γ-

relaxation is correlated to hydroxyl motions. Through the Arrhenius analysis of the γ-

relaxation of H20-50CH3, the Ea value was found to be significantly reduced as 

compared to H20. Meanwhile, a huge increase was discovered in τ0, which became close 

to the ideal Debye value. Considering the complete diminishment of the non-Debye 

relaxation features in H20-50CH3, where hydrogen bond still exists, we assume that the 

association cannot be formed by single H-bond. Therefore, the high dielectric constant 
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and the non-Debye nature of γ-relaxation of G2 and H20 was ascribed to the formation of 

a unique association of OHs via multiple H-bonds within the dendritic polymers, i.e. the 

chain-like hydrogen-bonded clusters.  

MD simulation was performed to analyze molecular structure and its effects on 

the H-bond and H-bonded cluster formation of G2 and H20. The existence of the H-

bonded cluster in G2 was firstly confirmed via the reflection peak at 2θ≈30° on simulated 

and experimental X-ray scattering patterns. In a visualization of the H-bonded clusters in 

G2, clusters with different lengths from 1 to 8 were visable. Then the H-bonded cluster 

formation in G2 and H20 was analyzed and compared. To decouple the effects of core 

structure from those of branching regularity, the corresponding dendrimer of H20, D20, 

was also studied. Through a statistical H-bond analysis over 1000 frames of the final 

structures, in all the three systems, about 50~60% of clusters were composed of one H-

bond and the rest 40~50% were composed of two or more H-bonds. The order of 

decreasing fraction of clusters composed of one H-bond is: H20 (58.4%) > G2 (52.6%) > 

D20 (50.2%). The core structure does not have a very strong effect on H-bonded cluster 

formation, though the smaller core shows the capability of forming very long clusters. 

Structure irregularity suppressed the formation of long clusters. The contributions of 

oxygens from different functional groups to H-bond formation were also analyzed. Of the 

3 systems, hydroxyl oxygens are the predominant proton acceptors. H20 displays a lower 

and higher fraction of OH···OH and OH···O=C respectively as compared to G2, which 

agrees well with our FTIR results. A higher fraction of OH···OH in dendrimer systems 

increases the probability of forming a long cluster as only hydroxyl groups can be 

positioned either at the center or the end of each cluster.  
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Finally, the molecular structures of the 3 systems were analyzed. As expected, the 

simulated G2 exhibits a more compact, sphere-like structure, and both D20 and H20 

clearly displayed more stretched, pancake-like structures, which were inherited from the 

core. Only hydroxyls in H20 were found to be positioned both within the molecule and at 

the surface. This explains why H20 showed a higher tendency of forming OH···O=C as 

the hydroxyl groups within the molecule have higher chances of interacting with carbonyl 

groups. The spatial distribution of the end-groups within the molecule was also 

investigated via pair correlation function. It was revealed that OHs of the 3 systems all 

gathered at the proximity of the molecular boundaries, with G2 showing a more 

concentrated distribution due to its smaller and globular molecular structure. This 

explains the higher fraction of OH···OH bonds in G2 as compared to D20 and its 

capability of forming extra-long clusters. H20 and D20 show similar spatial arrangement 

of OHs, suggesting that structural irregularity mainly reduces the capability of forming 

intra-unit H-bonds in dendritic polymers. 

To correlate our finding of H-bonded clusters with the dielectric results, we 

conclude that the unique dielectric properties of H20 and G2, such as high 𝜀′, ∆ε and Ea 

values, and non-Debye τ0 values, is originated from the H-bonded chain-like clusters. 
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CHAPTER IV - COMPARATIVE STUDY OF DIELECTRIC RELAXATION 

CORRELATED TO HYDROGEN BONDING ORGANIZATION BETWEEN BIS-

MPA BASED HYPERBRANCHED POLYMER AND DENDRIMER: 

CONDUCTIVITY RELAXATION 

Abstract 

In this chapter, the dielectric relaxation processes of dendrimer G2 and BoltornTM 

H20 at above Tγ were analyzed and compared. Combined with dynamic mechanic 

analysis, the relaxation detected between Tg and Tγ for G2 and H20 from dielectric 

spectra was assigned to conductivity relaxation, which corresponds to the ion transport in 

the systems. The electrical modulus, which can suppress the effect of conductivity and 

electrode polarization, was employed to analyze and compare the conductivity relaxation 

in the G2, H20, and H20-CH3 systems. The characteristic conductivity relaxation time of 

G2 follows Vogel−Fulcher−Tamman (VFT) and Arrhenius relationship at above and 

below Tg respectively, whereas that of H20 and H20-CH3 display VFT dependence only. 

The difference in temperature dependence reveals that the degree of coupling of ion 

transport from structural motion is the greatest in G2, followed by H20, and then H20-

CH3. A comparison of the ion mobility and structural dynamics between H20 and H20-

CH3 suggests that ion motion in the G2 and H20 systems is mainly proton hopping 

through hydrogen bonds. The analysis of the time-domain function suggests that the 

proton hopping in the G2 system is mainly realized through the Grotthuss mechanism, 

whereas in H20 a more complicated process is associated with α-relaxation. As the 

concentration of hydroxyl groups is similar for both H20 and G2, the difference in proton 

hopping process was attributed to the formation of hydrogen bonding. The higher portion 
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of long H-bonded clusters in G2 may facilitate the proton hopping. Finally, the DC 

conductivity of the three investigated systems were found to follow the Barton-Nakajima-

Namikawa (BNN) relationship, which confirms that the mobility of the ions dictates the 

conductivity.  

 

4.1 Introduction 

As it was mentioned from the previous chapter, the dielectric spectra of the bis-

MPA based dendritic polymers began suffering from the effects of high DC conductivity 

and electrode polarization as temperature increases close to Tg. Hence, in contrast to the 

γ-relaxation, which was reported by all the dielectric studies so far, it was debatable 

whether another sub-Tg relaxation, which is denoted as -relaxation, could be clearly 

resolved from the dielectric spectra of neat Boltorn HBPs. The -relaxation was firstly 

identified by Malmstrom etc. from a 50/50 blend of the 5th generation Boltorn HBP with 

linear polyethylene and was assigned to the rotation of ester groups.1 For neat HBPs, 

while research conducted by Zhu etc. revealed that the -relaxation of Boltorn H20 to 

H50 was completely masked by conductivity, a similar study by Turky, etc. reported 

distinct  process from the dielectric spectra of the same four HBPs except for H20. 2, 3 In 

the most recent work by Androulaki, etc., the -relaxation, though identified, was still 

covered by high conductivity or merged with γ-relaxation. Hence, to probe the -

relaxation different techniques are required as complementary methods to dielectric 

spectroscopy. 4 

To suppress the conductivity and electrode polarization effects on Boltorn 

HBPsabove Tg, the electric modulus was employed, from which another relaxation 
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process was detected and assigned to the translational motions of the ions. 2, 5 This 

relaxation, which was denoted as conductivity relaxation, was also found in other 

polymer electrolytes and ionic liquids. 6, 7 In these systems, since the ion diffusion is 

orders of magnitude higher than molecular dynamics, a decoupling phenomenon can be 

detected from the temperature dependence of the characteristic relaxation time where 

Vogel−Fulcher−Tamman (VFT) and Arrhenius behavior can be observed at above and 

below Tg respectively. This is because the ion transport couples with segmental motions 

above Tg and decouples below Tg.5-8 Since the temperature range of the conductivity 

relaxation coincides with that of the -relaxation, it is unclear whether the so-called -

relaxation is just the Arrhenius part of the conductivity relaxation.  

Adrjanowicz etc. ascribed the conductivity relaxation in the HBP systems to 

proton hopping along hydrogen bonds based on the linear relationship between the 

decoupling index and the number of terminal hydroxyls. However, the correlation 

between proton hopping and terminal hydroxyls was not well explained. Moreover, the 

decoupling index values determined for Boltorn HBPs are much lower than other proton 

hopping systems. 8, 9 

In this study, the relaxation processes of G2 and H20 above Tγ were analyzed and 

compared via dielectric spectroscopy. Dynamic mechanical analysis (DMA) was utilized 

to check the existence of -relaxation. The electric modulus was introduced to analyze 

the conductivity relaxation. In order to explore the correlation between ion transport and 

hydrogen bonding the fully acetylated H20, H20-CH3 was also analyzed. This study 

would provide us an insightful understanding of the mechanism of the conductivity 

relaxation in hydroxylated dendritic polymers and its correlation with the formation of 
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hydrogen bonding. It is hypothesized that the conductivity relaxation of the bis-MPA 

based dendritic polymers was due to proton hopping via the Grotthuss mechanism and 

the formation of long clusters assists the proton transport. 

 

4.2 Experimental Section 

4.2.1 Materials and sample preparation 

The second-generation hyperbranched polyester (HBP), BoltornTM H20, was 

kindly donated by Perstorp Polyols Inc. The dendritic polymer was synthesized via a one-

pot method using PP50 core and bis-MPA branching monomer. The theoretical (based on 

composition) molecular weight of Boltorn H20 is of is 1749 g/mol. According to Chapter 

II, the number average molecular weight (𝑀𝑛
̅̅ ̅̅ ) and degree of branching (DB) (using the 

definition given by Frey) of H20 determined by NMR was 859 g/mol and 0.258 

respectively. 

The dendrimer G2 was synthesized in house from bis-MPA branching monomer 

and pentaerythritol core using an iterative anhydride coupling approach as described 

elsewhere.10, 11 The theoretical molecular weight of G2 based on its structure was 

calculated as 1529.5 g/mol. The molecular weight, which is 1528.8 g/mol, and 

monodispersity of G2 was determined and confirmed by MALDI-ToF MS. Thin films of 

G2 and H20 were prepared using the Carver Melt Press by following the procedure 

described in Chapter II.  

End capping modification of H20 (targeting 100% of esterification) was carried 

out following the methodology by Malmstrom and Hult where 5.0g (2.86 mmol) H20 

was reacted with 13.90 g triethylamine (137.6 mmol) and 7.20g acetyl chloride 
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(91.52mmol) to ensure the completion of the reaction.12 The detailed procedure can be 

found in Chapter III. 

 

4.2.2 Experimental methods 

Thermal behavior was investigated by differential scanning calorimetry (DSC) 

using a TA Instruments DSC Q-100. The calibration was carried out using indium and 

sapphire standards. Samples were first heated to 200°C at a rate of 10°C/min to erase 

thermal history, quenched to -90°C at 5°C/min, and then heated to 200°C at 10°C/min. 

The second heating scans were reported. 

Dynamic mechanical analysis (DMA) was used to investigate and compare the 

mechanical relaxation behavior of H20 and G2. A Thermal Analysis Q800 instrument 

was employed and the measurements were conducted at constant frequency 1 Hz, strain 

amplitude of 0.01 % and by heating samples from -90 to 60 °C with a heating rate of 3 

°C/min.  

Dielectric measurements were carried out by a Novocontrol GmbH Concept 80 

Broadband Dielectric Spectrometer using the frequency range 0.01 to 1 MHz. G2 and 

H20 were measured from -100 to 100 °C and -100 to 150 °C respectively.  

 

4.3 Results and Discussion 

4.3.1 Thermal analysis 

The DSC and DMA curves of G2 and H20 are shown in Figure 4.1. The glass 

transition temperature (Tg) of both G2 and H20 was observed at 4 °C and 49 °C 

respectively from their DSC curves. As was discussed in our previous work, the lower Tg 
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of H20 is due to its lower molecular weight, broad molecular weight distribution, and 

weaker hydrogen bonding interaction contributed by a lower fraction of terminal 

hydroxyls. In contrast to G2, of which the DSC curve is almost flat at above Tg, H20 

displays an exothermic peak followed by a broad endothermic peak. According to our 

previous studies, the exothermic and endothermic peaks can be ascribed to the formation 

and melting of a mesophase formed by linear segments connected via hydrogen bonds in 

HBPs. 13, 14 
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Figure 4.1 DSC and DMA curves of G2 and H20. 

 

From the DMA curves, Tg values of G2 and H20 can also be determined curves as 

2.4 °C and 49.2 °C respectively at 1Hz, which agree well with the DSC results. In 

addition, γ-relaxation can be detected from both G2 and H20 at -49°C and -57°C 

respectively, which is inconsistent with the previously reported γ-relaxation detected via 
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dielectric spectroscopy at -54°C and -60°C respectively at 1Hz. Apart from these two 

relaxations, no third relaxation can be observed, which indicates that there’s no -

relaxation between Tγ and Tg for either polymer. 

 

4.3.2 Dielectric analysis 

From the permittivity spectra of G2 and H20 against temperature presented in 

Chapter III, at temperatures right above the γ-relaxation, another relaxation can be 

observed on the ε" spectra of G2. This relaxation was as a sub-Tg relaxation as its peak 

maximum was found at 26°C at 1Hz, which is about 23 °C lower than the Tg of G2 

determined by DCS and DMA. A similar relaxation has been detected for bis-MPA based 

HBPs, which was designated as -relaxation and attributed to the motion of ester groups 

according to literature. 1, 12, 15 However, this claim contradicts the DMA results of G2 

where no third mechanical relaxation was observed at around 26°C. Instead of 

mechanical motions of either side groups or chain segments, the origin of this relaxation 

should be charge motions in the system. Hence the relaxation is termed as conductivity 

relaxation, which is denoted as c-relaxation. In contrast, from the permittivity spectra of 

H20, no relaxation can be observed except for γ-relaxation as ε″ starts increasing abruptly 

at temperature in the vicinity of Tg due to the increase of DC conductivity. 2, 3, 5 Since the 

Tg of H20 is very close to the reported Tc for the similar HBPs, the c-relaxation of H20, if 

it exists, may be masked by the high conductivity. 1, 12, 15. For both polymers, α-relaxation 

was hidden by the drastic increase of ε″ at a temperature above Tg which due to the high 

conductivity. 2, 5, 15 
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Figure 4.2  Real ((A) and (B)) and imaginary part ((C) and (D)) of complex dielectric 

permittivity for G2 ((A) and (C)) and H20 ((B) and (D)) from 10 to 150°C. 

 

Figure 4.2 shows the real and imaginary part of the complex permittivity for G2 

and H20 as a function of frequency at temperatures from 10 to 150 °C. From the 

permittivity loss spectra of G2, both γ- and c-relaxation can be observed. The γ-relaxation 

can still be detected at high frequencies at temperatures below 50°C. The c-relaxation 

peaks were seen within the entire temperature and frequency range with peak maximum 

shifting towards lower frequencies as temperature decreases. Meanwhile, on the ε′ spectra 



 

120 

of G2, a large increase was observed upon c-relaxation leading to a high plateau value of 

40. At frequencies below c-relaxation, both ε′ and ε″ started increasing drastically as 

frequency decreases especially at high temperatures due to interfacial polarization and 

DC conductivity. 2, 5, 15 

On the other hand, on the ε″ spectra of H20, loss peaks were completely masked 

by the sharp increase of ε″ contributed by DC conductivity. Still, some kinks can be 

observed on the ε' curves at intermediate frequencies, which might be the traces of c-

relaxation.  
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Figure 4.3  Temperature dependence of the characteristic c-relaxation time 𝝉𝑐
𝜺 plotted 

as a function of 1000/T for G2. 

 

The permittivity data of G2 was fitted to the Havriliak-Negami (HN) equation in 

order to extract the relaxation times of c-relaxation. 16, 17 The built-in HN equation of the 

WINFIT software by Novo-control reads:  
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𝜀∗ = 𝜀′ − 𝑖𝜀" = −𝑖 (
𝜎𝑑𝑐

𝜀0𝜔
)𝑁 +  

Δε

(1 + (𝑖𝜔𝜏𝐻𝑁)𝛼)
+  𝜀∞ 

  

The first term accounts for the conductivity, where 𝜎𝑑𝑐 is the DC conductivity and the 

exponent N reflects the degree of interconnectivity of charge hopping pathways. 18 𝜀0 =

8.854 × 10−12 F∙m-1, which is the permittivity of the vacuum. 𝜔 = 2𝜋𝑓, which is 

angular frequency. The following term accounts for the relaxation. Δε is the permittivity 

strength and ε∞ is ε′ at infinity high frequency. α and  are parameters that describes the 

width and the symmetry of the relaxation peak.16 The Havriliak-Negami relaxation time, 

𝜏𝐻𝑁 , is related to the actual relaxation time, 𝜏𝑚𝑎𝑥, which is determined by equation 

𝜏𝑚𝑎𝑥 =
1

2𝜋𝑓𝑚𝑎𝑥
, where 𝑓𝑚𝑎𝑥 is the frequency at the loss peak maximum.  

As shown in Figure 4.3, the temperature dependence of the characteristic 

relaxation time of G2 changes from a non-Arrhenius to Arrhenius relationship as the 

temperature approaches Tg, which again confirms that the c-relaxation originated from 

charge motions rather than motions of ester groups, which would display Arrhenius 

behavior only. According to the literature, the transition in temperature dependence 

discovered in HBPs was explained by the decoupling of the translational motion of 

charges from the segmental dynamics when the system vitrifies. 5, 8 This decoupling 

phenomenon was also found in some polymer electrolytes and ionic liquids. 6, 7 At 

temperatures above Tg, the decoupling phenomenon is insignificant as the segmental 

motion is fast enough to interfere with the translational motion of charges, hence the 

characteristic relaxation time follows a non-Arrhenius behavior which is described by the 

Vogel−Fulcher−Tamman (VFT) equation which can be expressed by following forms: 19 

20  
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𝜏(𝑇) = 𝜏0 exp (
𝐵

𝑇 − 𝑇0
) 

  

where τ0, B, and T0 are fitting parameters. The parameter B is related to activation energy 

at very high temperature where Arrhenius behavior occurs. RB was considered as 

apparent energy where R is the ideal gas constant.19 20  

When the temperature is approaching Tg, the decoupling becomes more 

remarkable as the segmental dynamics become frozen and can no longer affect charge 

motions. Hence, the temperature dependence of the c-relaxation starts to follow 

Arrhenius relationship, which is expressed as 

𝜏(𝑇) = 𝜏0 exp (
𝐸𝑎

𝑅𝑇
) 

  

where Ea is the activation energy. The fitting parameters will be discussed later. 

In order to probe the relaxations of H20 at temperatures close to and above Tg, it 

is required to suppress the effects of conductivity. Therefore, the complex electric 

modulus is introduced, which was expressed by the following equation:  

𝑀∗(𝜔) =
1

𝜀∗(𝜔)
=

1

𝜀′−𝑖𝜀" = 
𝜀′

𝜀′2+ε"2 + 𝑖
𝜀″

𝜀′2+ε"2 = 𝑀′ + 𝑖𝑀″ 
  

where M′ and M″ are the real and imaginary electric modulus respectively. 21 

The electric modulus loss spectra of G2 and H20 as a function of frequency from 

10 to 150°C are shown in Figure 4.4, where both polymers display relaxation peaks at 

similar frequency ranges. As the peak positions showed good agreement with those 

resolved on the ε″ spectra of G2 and the reported values of H20, we can confirm that the 

relaxation peaks on M″ spectra of both polymers are corresponding to c-relaxation.5 As 

temperature decreases, the c-relaxation peaks of G2 exhibit similar height and width, 

whereas those of H20 show apparent variation in peak height and a substantial increase in 
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peak width. This indicates that the c-relaxation in G2 is more Debye-like than that in 

H20.  
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Figure 4.4 Loss part of the complex electric modulus of G2 (A), H20 (B), and H20-

CH3(C) from 10 to 150 °C as a function of frequency. The insets are the loss electric 

modulus as a function of temperature at 1Hz 

 

Additionally, two more relaxations were observed at the low-frequency side of the 

c-relaxation of G2: a low-frequency peak shoulder and a small peak next to it, which can 

only be resolved at temperatures below 70°C. The small peak was assigned to the α-

relaxation as the peak maximum at 50°C was found at 1Hz, which is consistent with 
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DMA results. The low-frequency shoulder may be due to another conductivity relaxation 

at the interfaces. It is interesting that neither peak was observed on the M″ of H20. Since 

the Tc of H20 determined form the M″ spectra at 1Hz is very close to the Tg, it is possible 

that conductivity and α-relaxations merge into one. This also explains the non-Debye 

feature of the c-relaxation peaks of H20.  

The M″ data of both G2 and H20 was also fitted to the Havriliak-Negami (HN) 

equation to analyze the distribution of the relaxation times. The extracted characteristic 

relaxation time, τ𝑐
𝑀, for both polymers as a function of 1000/T is shown in Figure 4.5, 

where the two polymers exhibit different temperature dependencies. The τ𝑐
𝑀 of G2 shows 

similar decoupling feature as that of τ𝑐
𝜀, which follows VFT and Arrhenius relationship at 

temperatures above and below Tg respectively. As listed in Table 1, the fitting parameters 

of VFT and Arrhenius equations for both τ𝑐
𝑀 and τ𝑐

𝜀 of G2 were approximately the same, 

which confirms that the relaxation detected from ε″ is the same as the one from the M″ 

spectra. On the other hand, the extracted τ𝑐
𝑀 of H20 follows VFT dependence within the 

entire temperature range. That is because only one data point was collected at a 

temperature below the Tg of H20. Other c-relaxation peaks at temperatures below 2°C 

were shifted out of the frequency window. Although our experimental data did not show 

any decoupling phenomenon from H20, it still can be detected by expanding the 

frequency window to much lower frequencies. 5 
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The difference in the temperature dependence of the c-relaxation between G2 and 

H20 indicates that the decoupling feature of the charge motions in G2 is much greater 

than that in H20.To quantify the degree of decoupling, the decoupling index Rτ was 

employed as defined below22-24 

𝑅𝜏 =
𝜏𝛼

𝜏𝑐
 

  

where τα is the characteristic segmental relaxation time and often assumed to be 100s or 

200s at Tg measured by DSC at 10 K/min. 23, 24 To avoid any inconsistencies in this study, 

as the Tg values determined via DMA was collected at known frequency of 1Hz, the τα 

value was determined as the corresponding relaxation time of 1Hz, which is 0.16s. At the 

Tg measured by DMA at 1 Hz, τc of G2 and H20 was determined as 1.23×10-3s and 1.36s 
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Figure 4.5 Comparison of temperature dependence of the characteristic c-relaxation 

time 𝜏𝑐
𝑀 between G2 and H20 and H20-CH3. Solid and open symbols represent 𝜏𝑐

𝑀 

above and below Tg respectively.  
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respectively, and the corresponding Rτ was calculated as 130.1 and 0.118 respectively. It 

should be noted that much greater Rτ can be determined if the τα value is assumed to be 

100s or 200s, which suggests that the α-relaxation is much slower than c-relaxation. 

However, according to the M″ spectra of H20 at 1Hz shown in Figure 4.4, where the c-

relaxation of H20 was detected at 10°C, which is higher than its Tg, it is more reasonable 

to employ the 0.16s as the τα value. Larger decoupling index of G2 indicates that the 

charge mobility in the system is much faster than the segmental motions.  

Previous literature has assigned the origin of c-relaxation to the hopping of either 

ion impurities or protons. 2, 5 As their Rτ values are considerable low, we can hardly 

ascribe the origin of c-relaxation of both polymers to proton hopping via the Rτ values 

alone. 8, 9 Additionally, since the concentration of hydroxyl groups in G2 and H20 are 

very close, no direct correlation between hydroxyls and ion transport can be found. To 

figure out the nature of ion transport in G2 and H20, the c-relaxation of the esterified 

H20, H20-CH3 was also analyzed. Shown in Figure 4.4(C), the H20-CH3 also displays c-

relaxation peaks on the M″ spectra with a similar shape as those of G2. In addition to 

that, a high-frequency peak and a low-frequency shoulder can also be observed. 

According to the M″ spectra at 1Hz, along with c-relaxation, H20-CH3 displays a 

relaxation peak at -16°C which agrees well with its Tg which determined as -18°C via 

DSC. No relaxation was observed below Tg. Hence, the high-frequency peak was 

assigned to α-relaxation. The low-frequency shoulder can be ascribed to another 

conductivity relaxation near the sample-electrodes interface.  

The characteristic c-relaxation time of H20-CH3 is also shown in Figure 4.5, 

where H20 displays a lower τc than that of H20-CH3 within the entire temperature range. 
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As the Tg of H20-CH3 was lower than that of H20, the structural dynamics of H20-CH3 

are faster than that of H20 at the same temperature. Hence, the higher structural dynamics 

and lower ion mobility of H20-CH3 as compared to H20 suggests that the charge hopping 

mechanisms in both systems are different. Meanwhile, at Tg where the τα of both H20 and 

H20-CH3 can be assumed to be the same, the τc value of H20-CH3 extrapolated via VFT 

fit, which is 9.33×103s, is about four orders of magnitude greater than that of H20. 

Though the types of ions may be different in both systems, their difference in mobility 

shall not be over one order of magnitude. 25-27 This implies that the existence of hydrogen 

bonding within H20 facilitates the ion motion within the H20 system. Plus, according to 

the preparation of H20, G2, and H20-CH3, all three systems contain protons as 

impurities. Therefore, the only reasonable explanation would be that the charge transport 

in H20 is proton hopping through hydrogen bonds via the Grotthuss mechanism. 28 For 

G2, since its decoupling index is even greater than that of H20, we assume that the ion 

transport in G2 is also proton hopping. 

The fitting parameters of the VFT and Arrhenius relationships of G2, H20, and 

H20-CH3 are listed in Table 4.1. G2 shows the highest strength parameter B, followed by 

H20, and then H20-CH3, which suggests that the energy barrier at above Tg follows the 

trend: G2 > H20> H20-CH3. This can be explained by the free volume content, which 

follows the reverse order. Due to the absence of hydrogen bonding, the free volume 

content in H20-CH3 should be higher than H20, and the fraction free volume in H20 is 

higher than G2 as it was discussed in Chapter II. From the Arrhenius part, the Ea 

determined for G2 are close to the literature values determined for bis-MPA based HBPs 

reported by Malmstrom, etc.(90 kJ/mole for 5th generation), Turky, etc.(127, 114, and 
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116 kJ/mol for 3rd, 4th, and 5th generation respectively) and Adrjanowicz, etc.(123, 112, 

and 99 kJ/mol for 2nd, 3rd, and 4th generation respectively), though the first two assigned 

the c-relaxation to motions of ester group. 1, 3, 5, 29 Since Ea cannot be determined for H20 

in the work, the Ea value of G2 was compared with the reported value of H20. Lower Ea 

value of G2 indicates that proton hopping is easier in G2 than in H20 at below Tg, which 

may be due to the formation of longer clusters in G2 as the hydroxyl concentration for 

polymers are the same.  

 

Table 4.1 Fitting parameters of G2, H20, and H20-CH3. 

Samples 

Fitting parameters 

G2 H20 H20-CH3 

τ𝑐
𝜀 τ𝑐

𝑀 τ𝑐
𝑀 τ𝑐

𝑀 

VFT 

B (K) 2741.6 2820.7 2093.4 1640.4 

T0 (K) 168.4 168.5 191.0 198.6 

Arrhenius Ea (kJ/mol) 104.2 103.3 
  

 

In order to describe the nonexponential decay feature of the c-relaxation of the 

three systems, the dielectric data was converted to the time domain and fitted to 

Kohlruasch-Williams-Watts (KWW) equation, which is expressed as  

𝜑(𝑡) = 𝐴 ∙ exp [− (
𝑡

𝜏𝑐
)

𝛽

] 
  

where the stretching parameter  is between 0 and 1, which describes the departure from 

the Debye-type ideal exponential decay (=1). 30 The time-domain data, as well as the 

KWW fitting of G2, H20, and H20-CH3, are presented in Figure 4.6. It can be observed 
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that the time domain function of H20 decays slower as temperatures approaches Tg 

whereas that of G2 shows a similar decaying rate over the entire temperature range. This 

difference was reflected in the  values shown in the insets. While the  value of G2 

stays almost constant at about 0.78 through temperatures from 102 to 2°C, that of H20 

starts to decrease from 0.7 to 0.4 from 70°C to 2°C. The lower  value of H20 indicates 

that the c-relaxation of the H20 deviates greatly from the Debye relaxation, which 

confirms our hypothesis that it merges with the α-relaxation. On the other hand, the 

higher  value of G2 reveals that the c-relaxation in the system is Debye-like, which 

indicates that the conductivity mechanism in G2 involves no structural diffusion. This 

confirms that ion transport in G2 is dominated by proton hopping along hydrogen bonds 

via the Grotthuss mechanism. 

The KWW function of H20-CH3 also follows Debye-like exponential decay like 

G2, with its  values remaining almost constant at about 0.83. It is because the Tg of 

H20-CH3 is much lower than its Tc that the c-relaxations is well separated from α-

relaxation. Hence the c-relaxation of H20-CH3 is only corresponding to the ion hopping 

in the system.  
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Figure 4.6 Time domain function of electric modulus spectra and the KWW fit for G2, H20, 

and H20-CH3 from 102 to 2 °C. Insets were the  values from the KWW fitting for each 

sample. 

 

To investigate the relationship between the ion mobility and conductivity in G2 

and H20, the real part of the complex conductivity, σ′, was analyzed. As shown in Figure 

4.7, σ′ of the three investigated systems is plotted as a function of frequency. For all these 

three polymers, σ′ shows AC conductivity at the high frequencies which are due to the γ-

relaxation, followed by a DC conductivity plateau as frequency decreases. Both the 
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critical frequency where the plateau starts and the corresponding plateau value increase 

with decreasing temperature. For both G2 and H20-CH3, as the frequency continues 

decreasing, σ′ decreases again, followed by a secondary plateau with very low frequency 

dependence. On the other hand, for H20, this plateau extends through the rest of the 

frequency window with the exception of a slight drop of σ′ which can be observed at high 

temperatures and very low frequencies. 

The drop of σ′ after the high-frequency plateau of G2 and H20-CH3 is due to 

electrode polarization, which can be found in HBPs, ionic conducting fluids, and polymer 

electrolytes. 6, 7, 15, 31-33 The low-frequency plateau, which has been seldom reported in 

polymers, can be ascribed to the incomplete blocking layers formed by ions at the 

electrode-polymer interface which lead to very low DC conductivity. 31, 33 It is still 

unclear why the low-frequency plateau is absent from the σ′ spectra of H20. However, we 

can still make some plausible speculations as sometimes G2 also displays similar σ′ 

spectra as H20 with extended DC conductivity plateau. (Appendix Figure A.2) (It should 

be noted there’s no difference in DC values and the critical frequencies.) The reason 

should lie in the experimental set up rather than the samples themselves. Since both G2 

and H20-CH3 showed greater impact from electrode polarization, it is reasonable to 

assume that the stronger blocking layers were formed in these two systems, which can be 

attributed to better contact between the sample and the electrodes. On the contrary, as 

H20 suffered fewer effects from the electrode polarization, the contact between the 

sample and electrodes may not have been as good as that in G2 and H20-CH3. Therefore, 

we assume that there might have been some bubbles between the electrode and H20 

samples which prevented the formation of strong blocking layers.  
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Though electrode polarization has strong effects on the low-frequency side of the 

σ′ spectra, it shows little effects on the high-frequency side. The following session will be 

mainly focused on the DC conductivity plateau on the high-frequency side. Over the 

three systems, H20 displays the highest DC conductivity value, followed by G2, and then 

H20-CH3. To better compare their DC conductivity, the σ′ spectra of the three 

investigated systems were analyzed and fitted to the Jonscher equation: 34 

𝜎′(𝑓) = 𝜎0 + 𝐴𝑓𝑛 = 𝜎0[1 + (
𝑓

𝑓𝑐
)𝑛] 

  

where σ0 is the DC conductivity at frequency equals to 0 and fc is the critical frequency 

where σ′ begins to increase with frequency from the DC plateau. n is an empirical fitting 

parameter, which is generally seen between 0 and 1 though examples for which n>1 also 

exist. 35 The fitting curves are also shown in Figure 4.8. The temperature dependence of 

σ0 values for each polymer is presented in Figure 4.8, where σ0 exhibits virtually the exact 

opposite temperature dependence as τ𝑐
𝑀. Still, both H20 and H20-CH3 follow VFT 

relationship, whereas G2 exhibits VFT and Arrhenius behavior at above and below Tg 

respectively. At temperature close to the Tg of H20, there’s an intersection point of the 

two fitting curves for G2 and H20, upon which σ0 of H20 is higher and below which the 

σ0 of G2 is higher. On the other hand, σ0 of H20 is higher than H20-CH3 over the entire 

temperature range. These trends of σ0 exactly mirror with τc.  
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Figure 4.7 . The real part of the complex conductivity, σ′, as a function of frequency 

and the Jonscher fit for (A) G2, (B) H20, and (C) H20-CH3.  

 

In order to investigate how close the DC conductivity was correlated with the ion 

mobility, the σ0 of the three investigated systems was plotted as a function of the 

characteristic frequency of c-relaxation, fmax, which is defined as 𝑓𝑚𝑎𝑥 =
1

2𝜋𝜏𝑐
𝑀. It can be 

observed that the logarithm of σ0 and fmax of all three systems follows a linear 
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relationship, of which the slopes are very close to unity. This indicates that the logarithm 

of σ0 and fmax follow the Barton-Nakajima-Namikawa (BNN) relationship:  

𝜎0 = 𝑝𝛥𝜀𝜀0𝜔𝑚 where 𝜔𝑚 = 2𝜋𝑓𝑚𝑎𝑥   

where p is a numerical constant of order 1. 35-37 This direct correlation between the DC 

conductivity and the reversed c-relaxation time confirms that the nature of c-relaxation of 

all three systems is ion hopping which contributes to the DC conductivity. The electrode 

polarization shows little effect on the ion hopping and the DC conductivity in the bulk. 

We can also conclude that the mobility of the ions dictates the conductivity of all these 

three systems. H20 has the highest DC conductivity of the three polymers at temperatures 

above its Tg due to its high segmental dynamics and the associated proton hopping. At 

temperature below Tg, since the proton hopping in H20 is much less decoupled from the 

structural dynamics as compared to G2, its DC conductivity becomes lower than G2. The 

greater degree of decoupling in G2 may be contributed by its higher fraction of long H-

bonded clusters. H20-CH3 shows the lowest DC conductivity as its charge transport 

mechanism is not proton hopping, though its segmental dynamics is the fastest.  
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Figure 4.8 Temperature dependence (A) and frequency dependence (B) of DC 

conductivity for G2, H20 and H20-CH3. 

 

4.4 Conclusion 

The molecular relaxation, as well as the conductivity properties of a second-

generation dendrimer G2, a hyperbranched polymer BoltornTM H20, and the alkyl, 

terminated H20, H20-CH3, were studied using a broadband dielectric spectrometer. A 

secondary relaxation was detected on the M″ spectra of all three systems. Due to its 

absence in the DMA data, the relaxation was ascribed to ion transport and termed as c-

relaxation. 

The characteristic c-relaxation time of G2 shows the decoupling feature which 

follows the VFT relationship above Tg and Arrhenius below Tg. This is due to the fact 

that ion translational motion couples with segmental motion at above Tg, and then 

decouples with it when the system vitrifies at below Tg. Higher ion mobility and lower 

structural dynamics of H20 as compared to H20-CH3 suggested that hydrogen bonding 
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facilitates the ion motion in H20. The existence of protons in all three systems implies 

that the ion motion in H20 and G2 systems are dominated by proton hopping.  

Through the analysis of time-domain function, the exponential-like decay was 

observed in G2, which suggests that the proton hopping in the system is mainly realized 

through the Grotthuss mechanism. The non-Debye behavior of H20 suggests that ion 

conduction in H20 is associated with α-relaxation. As the concentration of hydroxyl 

groups is similar for both H20 and G2, the difference in the degree of decoupling and 

decay behavior lies in the formation of hydrogen bonding. A higher fraction of longer H-

bonded clusters in G2 allows the proton hops to occur orders of magnitude faster than its 

segmental motion. The conductivity data of the three investigated systems follow the 

Barton-Nakajima-Namikawa (BNN) relationship. This confirms that the mobility of the 

ions dictates the conductivity. 
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CHAPTER V – STEREOCHEMICAL AND SEQUENCE EFFECTS ON HYDROGEN-

BONDING AND BARRIER PROPERTIES OF POLY (NORBORNENE 

DIMETHANOL)-CO-POLY(NORBORNENE) COPOLYMERS 

Abstract 

Novel dimethanol-functionalized polynorbornene copolymers, the hydrogenated 

poly(endo, endo-norbornene dimethanol)-co-poly(norbornene) (H-PddNBdOH-co-PNB) 

and poly(endo, exo-norbornene dimethanol)-co-poly(norbornene) (H-PdxNBdOH-co-

PNB), were synthesized and probed for gas barrier properties. With about the same OH 

content, H-PddNBdOH-co-PNB exhibits much higher permeability than H-PdxNBdOH-

co-PNB, of which permeability is comparable to EVOH with equivalent mol% OH content. 

PAL measurements revealed that the free volume hole size in the endo, endo copolymer is 

much larger than that in the endo, exo counterparts. The combination of experimental and 

computational simulation infers a relationship between H-bond organization (inter-, 

intramolecular, and intra-unit H-bonding) and barrier property. It was discovered that 

endo–exo isomerism of the norbornene dimethanol strongly affects the formation of 

hydrogen bonding. A higher fraction of intra-unit H-bonds in H-PddNBdOH-co-PNB 

increases the chain rigidity, which leads to greater free volume hole size and higher oxygen 

permeability as compared to H-PdxNBdOH-co-PNB. 

 

5.1 Introduction 

EVOH is a random copolymer of ethylene and vinyl alcohol, which has one of the 

lowest oxygen permeability among the commonly used packaging polymers.1, 2 It is due to 

the formation of H-bonds, which reduces the free volume in the system. In general, the 
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commercial production of EVOH is a step-process which involves free radical 

polymerization of vinyl acetate and ethylene monomers followed by saponification.3, 4 

Despite its excellent barrier properties; however, EVOH is very sensitive to humidity due 

to its hygroscopic nature. At high OH content, water molecules would plasticize the 

copolymer and weaken inter- and intramolecular hydrogen bonding, which leads to an 

increase in free volume which contributes to an undesirable decrease in gas barrier 

performance.1, 5  

A norbornene-based EVOH copolymer mimic, hydrogenated poly(norbornene 

dimethanol)-co-polynorbornene (H-PNBdOH-co-PNB), was designed to achieve high 

barrier polymer with low hygroscopicity. Since the OH bearing repeat unit of the H-

PNBdOH-co-PNB has a low overall O/C ratio of 2/9 as compared to that of vinyl alcohol 

(1/2), it may be possible to incorporate greater hydroxyl content without sacrificing barrier 

performance due to plasticization. On the other hand, different spatial positions of OH 

groups introduced by the stereoisomerism of the norbornene dimethanol may influence the 

hydrogen bonding formation in copolymer systems and lead to different gas barrier 

performance. Therefore, two H-PNBdOH-co-PNB copolymers with endo, endo, and endo, 

exo norbornene dimethanol units were investigated for the influence of stereochemistry on 

hydrogen bonding organization and, correspondingly, permeability. 

In Chapter III, we managed to probe the hydrogen bond organization in dendritic 

polymer via MD simulation and study the correlation between the formation of H-bonded 

clusters and the dielectric properties. Then a question was poised that whether we could 

extend a similar study to linear systems. Hence, in this chapter, MD simulation and H-bond 
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analysis were performed on these two hydroxylated linear polymer systems to investigate 

the correlation between gas permeability and H-bond formation. 

 

5.2 Experimental Section 

5.2.1 Materials and sample preparation  

The hydrogenated poly(endo, endo-norbornene dimethanol )-co-poly(norbornene) 

(H-PddNBdOH-co-PNB) and poly(endo, exo-norbornene dimethanol)-co-

poly(norbornene) (H-PdxNBdOH-co-PNB).were kindly provide by Simon Research 

Group (SRG). The copolymers were synthesized via ring-opening metathesis 

polymerization (ROMP) catalyzed via a ruthenium-based, Grubb’s third-generation 

catalyst. The composition of the norbornene component was targeted at 10 mol%. Each 

polymer was synthesized via two different methods: slow addition and one-pot methods. 

The prepared samples were denoted as H-aPddNBdOH-co-bPNB, where a and b stand for 

the molar percentage of the norbornene dimethanol and norbornene content, respectively. 

 

5.2.2 Experimental methods 

Polymer films were melt pressed in a Carver Press (4386) at 2000 psi, 10 to 20 oC 

above their measured melting temperature (Tm) determined by DSC. Synthesized 

polymer (~1g) was placed between two fiber glass-lined metal plates with 200 um metal 

shim spacers.  

The density of each sample was determined by using the Archimedes’ principle. 

Detailed procedures were described in Chapter II. 
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The average free volume hole-size of all the melted pressed samples at room 

temperature was experimentally probed using positron annihilation lifetime spectroscopy 

(PALS). Positrons (e+) are positively charged antiparticles of the electron, which undergo 

annihilation events when combined with electrons. When emitted to condensed materials, 

a free positron can bound with an electron, forming a positron-electron pair which is 

termed as positronium atom (Ps). Electrons and positrons with the opposite spin states 

form para-positronium (p-Ps), and those with the same state form ortho-positronium (o-

Ps). The o-Ps can last for a few nanoseconds till it picks off an electron with antiparallel 

spin.6 Hence, the lifetime of the o-Ps (τ3) can be utilized to determine the free volume 

hole sizes in the samples using the following equation. 

𝜏3 =
1

2
[1 −

𝑅

𝑅 + 𝑑
+

1

2𝜋
𝑠𝑖𝑛 (

2𝜋𝑅

𝑅 + 𝑑
)]

−1

   

where R is the average hole radius, and d = 0.1656 nm is the empirically determined 

electron layer thickness. The average size of a free volume hole can then be calculated as 

𝑣ℎ= 4/3𝜋𝑅3.6  

PALS experiments were conducted with a fast-fast coincidence system, which 

was described elsewhere.7, 8 PALS samples were prepared by cutting the polymer films 

into small disks with 1cm in diameter, stacking them together till the total thickness 

reached ~1mm, and then wrapping them with aluminum foil. Two samples were prepared 

for each polymer in order to sandwich the Na22 positron source. All the samples were 

vacuum dried overnight prior to tests. Each measurement took over an hour, obtaining a 

total of 1×106 counts in the resulting PALS spectrum. The PALS spectra were processed 



 

146 

using PATFIT-88 software. The error associated with determining τ3 values using this 

software was approximately ±2%. 

Oxygen permeability was measured at 23 oC, 0% relative humidity (RH), and 1 

atm partial oxygen pressure difference using a commercially manufactured diffusion 

apparatus OX-TRAN® 2/21 ML (MOCON). To avoid the overflow of the oxygen sensor, 

each sample was sandwiched between two aluminon foil masks with an exposed area of 5 

cm2 and was tested using 4% O2/N2 gas. The oxygen transmission rate was then 

recalculated for 100% O2.  

 

Figure 5.1 Chemical structures of all simulated systems.  

 

MD simulations were used to model the structures of EVOH, H-PNBdOH 

homopolymer, H-PddNBdOH-co-PNB, and H-PdxNBdOH-co-PNB copolymer systems 

which are shown in Figure 5.1.  
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Simulation studies were conducted using Material Studio (Accelrys Software, 

Inc., San Diego) and Large-scale Atomic/Molecular Massively Parallel Simulator 

(LAMMPS). The vinyl alcohol content of modeled EVOH was set at 44.4% (mol/mol) to 

match the OH/C ratio of the H-PNBdOH homopolymer, which is 2/9. DP of each 

polymer chain was set to 150. In Material Studio, an amorphous cell was first constructed 

for each system with a starting density of 0.4 g/cm3 using the CVFF forcefield. The 

amorphous cell of EVOH contains 20 molecules, and those of NBdOH-containing 

polymers contain 10 molecules. Subsequently, using LAMMPS, all the systems were 

subjected to energy minimization followed by MD runs of alternating NVT and NPT 

ensembles, between 650 K and 298 K and 750-0.1 MPa to obtain a relaxed amorphous 

cell at 298 K and 1 atm. The atom-based summation method with a cut-off radius of 20 Å 

was used for all energy calculations unless otherwise mentioned. The appropriateness of 

the forcefield and the simulation protocol adopted for the systems were verified by 

comparing the final densities obtained from simulations with corresponding densities 

determined experimentally. In the final stage of the simulation, 0.1 ns production runs 

(NVE ensembles) with a time step of 1 fs and frame-saving frequency of 1ps were 

performed, creating final trajectory files consisting of 100 frames, which were used for 

further analysis. Ewald summation method was used in the last NVT and NPT runs and 

the following NVE ensemble to increase the accuracy of the calculation. Hydrogen bonds 

in each amorphous cell were studied by a ‘TraceHbonds’ using the trajectory files created 

in the production run. The H-bond was defined by a maximum hydrogen acceptor 

distance of 2.5 Å and a minimum donor-acceptor angle of 90°. Inter- and intramolecular, 

intra-unit H-bonds were also identified using the ‘TraceHbonds’ software.  
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5.3 Results and Discussion 

5.3.1 Oxygen permeability 

The results of barrier tests for the H-PNBdOH-co-PNB copolymer systems were 

listed in Table 5.1, where the actual molar content of the norbornene dimethanol of each 

polymer was listed in the brackets. In general, endo, exo systems display lower flux and 

permeability as compared to the endo-endo ones. With the same OH content, H-P-

10(12.2)ddNBdOH-co-90PNB exhibits much higher permeability than H-P-

10(12.1)dxNBdOH-co-90PNB, which suggest that stereochemistry of the norbornene 

dimethanol may have a strong effect on the gas permeability. Within the endo-endo and 

endo, exo systems, since the actual contents of OH of polymers prepared via one-pot and 

slow addition are not the same, it is not so clear that whether the resulting differences in 

sequence would affect the gas barrier properties.  

 

Table 5.1 Flux and permeability of H-PNBdOH-co-PNB copolymers 

Samples 
Flux (cc/m2-

day)) 

Permeability (cc-cm/m2-

day-atm) 

H-P-10(5.8)ddNBdOH-co-90PNB-one-

pot 
367.50  8.783  

H-P-10(12.2)ddNBdOH-co-90PNB-

slow addition 
2330 62.67 

H-P-10(9.1)dxNBdOH-co-90PNB-one-

pot 
97.72  2.304 

H-P-10(12.1)dxNBdOH-co-90PNB-

slow addition 
69.274 1.756 

 

Regardless of different synthetic methods, the permeability of the samples exhibits 

a decreasing trend with increasing OH content except for H-P-10(12.2)ddNBdOH-co-



 

149 

90PNB. The decreasing trend of permeability against OH content is due to the increasing 

secondary interaction induced by hydrogen bonding, which squeezes out the free volume. 

As shown in Figure 5.2, except H-P-10(12.2)ddNBdOH-co-90PNB, the permeability 

values of the rest three polymers matched very well with the permeability of EVOHs with 

same OH content, which indicates that polynorbornene based can also obtain excellent 

barrier properties as EVOH be by introducing OH content.  

Still, the why H-P-10(12.2)ddNBdOH-co-90PNB is off the trend is unclear. As the 

permeability is strongly affected by the hydrogen bonding, it is hypothesized that the 

chemical stereochemistry of the norbornene methanol may affect the formation of 

hydrogen bonding. 

 

Figure 5.2 Permeability of EVOH systems as a function of the vinyl alcohol content. 

The blue and orange points represent the permeability of H-P-ddNBdOH-co-PNB.and 

H-P-dxNBdOH-co-PNB, respectively. 
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5.3.2 PALS 

The free volume hole size of each polymer sample determined by PALS was listed 

in 5.2. In general, the free volume hole size decreases with the increase of OH content, 

which agrees well with the permeability results. In terms of stereoisomerism, H-P-

10(12.2)ddNBdOH-co-90PNB displays a significantly larger hole size (91.4 Å3) than its 

endo, exo isomer (83.1 Å3), suggesting that the spatial arrangements of the methanol arms 

may affect the packing of the polymer chains.  

Since H-P-10(5.8)ddNBdOH-co-90PNB is not available for the PALS 

measurements, H-P-10(6.5)ddNBdOH-co-90PNB, which has a close OH content, was 

measured instead. However, it shows a very high free volume hole size as compared to that 

of H-P-10(12.2)ddNBdOH-co-90PNB, which contradicts with the permeability data. This 

suggests that the structures and properties of endo-endo systems are not stable from batch 

to batch. 

Table 5.2  Free volume hole sizes of H-PNBdOH-co-PNB copolymers. 

Polymer Avg. Free Hole Volume (Å3) 

H-P-10(5.8)ddNBdOH-co-90PNB-one-pot NA 

H-P-10(6.5)ddNBdOH-co-90PNB-one-pot 101.2 ± 4.01 

H-P-10(12.2)ddNBdOH-co-90PNB-slow 

addition 
91.4 ± 4.31 

P-10(9.1)dxNBdOH-co-90PNB-one-pot 85.5 ± 2.86 

H-P-10(12.1)dxNBdOH-co-90PNB-slow 

addition 
83.1 ± 4.81 
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5.3.3 MD Simulation 

The appropriateness of simulation methodology was verified by comparing the 

final density of each system with the experimental values. As shown in Table 5.3, the 

simulated densities agree well with the experimental data. Specifically, the simulated 

densities of H-PddNBdOH and H-PdxNBdOH, which are1.116 and 1.114 g/cm3 

respectively, are only by 12% and higher than the experimental density of hydrogenated 

PNB, which is 0.995 g/cm3. The simulated densities of H-PddNBdOH-co-PNB 

copolymers are in the range of 0.950 to 0.996 g/cm3, deviate about 7.6~3.1% from 

experimental density of H-P-10(12.2)ddNBdOH-co-90PNB, which is 1.028 g/cm3; those 

of H-PdxNBdOH-co-PNB copolymers are in range of 0.966 to 0.995 g/cm3, are about 

6.1~9.1% lower than the experimental density of H-P-10(9.1)dxNBdOH-co-90PNB, 

which is 1.056 g/cm.3. 

 

Table 5.3 Comparison between the simulated density and the experimental value of the 

simulated systems. 

Systems 
Simulated 

Density (g/cc) 
Experimental Density (g/cc) 

EVOH 0.991 
1.06(extrapolated from experimental 

data ) 

H-PddNBdOH 1.116 
0.995 (literature value for h-

polynorbornene) 

H-P-10ddNBdOH-co-

90PNB 
0.950 

1.028 (experimental value of H-P-

10(12.2)ddNBdOH-co-90PNB) 

H-P-20ddNBdOH-co-

80PNB 
0.976  
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Table 5.3 (continued)   

H-P-30ddNBdOH-co-

70PNB 
0.996 

1.028 (experimental value of H-P-

10(12.2)ddNBdOH-co-90PNB) 

H-PdxNBdOH 1.114 0.995 (literature value1 h-polynorbornene) 

H-P-10dxNBdOH-co-

90PNB 
0.966 

1.056 (experimental value of H-P-

10(9.1)dxNBdOH-co-90PNB 

1.056 (experimental value of H-P-

10(9.1)dxNBdOH-co-90PNB 

H-P-10dxNBdOH-co-

90PNB 
0.972 

H-P-10dxNBdOH-co-

90PNB 
0.995 

 

The density of EVOH with 44.4% alcohol content was determined via 

extrapolating the data from the linear fit of the densities of EVOH copolymers against 

alcohol content. All the density points shown in Figure 5.3 were measured using a density 

gradient column constructed from a solution of toluene and carbon tetrachloride in 

accordance with ASTM-D Standard 1505 Method B. The simulated density of EVOH 

(0.991 g/cm3) is only by 6.5% lower than the experimental density of EVOH (1.06 

g/cm3).9  
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Figure 5.3 Density as a function of vinyl alcohol content in EVOH copolymers.9  

 

Total number of H-bonds, degree of H-bonding, number and percentage of 

intramolecular H-bond and intra-unit H-bonds determined for all the simulated systems 

via using ‘TracedHbonds’ were listed in Table 5.4. The degree of H-bonding is defined as 

the number of H-bonds divided by the number of OHs. The intra-unite H-bonds are 

referring to the H-bonds formed within the same norbornene dimethanol repeat unit. The 

percentage of intramolecular and intra-unite H-bonds were determined as the number 

fraction of corresponding H-bonds in the total H-bonds. 

Comparing the hydrogen bonding formation of the three homopolymers, the 

degree of hydrogen bonding of follows the trend: H-PddNBdOH (63.9%) >EVOH 

(58.5%)> H-PdxNBdOH (49.3%). Interestingly, the fraction of intramolecular H-bonds in 

these homopolymers follows the same order: H-PddNBdOH (61.9%) >EVOH (54.2%)> 

H-PdxNBdOH (30.6%). While EVOH displays little preference of forming inter- or intra-

molecular H-bonds, the endo, endo homopolymer shows a propensity of forming intra-
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molecular H-bonds whereas the endo, exo one exhibits the opposite tendency. Moreover, 

higher intra-unit H-bonding contribution was found in the endo, endo homopolymer 

(23.1%) than the endo,exo one (7.0%). This suggests that stereochemistry plays an 

important role in hydrogen bonding formation in norbornene dimethanol based systems.  

Copolymers show a lower degree of hydrogen bonding than the homopolymers as 

a result of reduced OH content, especially for endo, exo copolymers, of which degree of 

H-bonding is about half of endo, exo homopolymer. Similar to homopolymers, endo, 

endo copolymers also exhibit a higher degree of hydrogen bonding, a higher fraction of 

intramolecular and intra-unit H-bonds than their endo, exo counterparts. This suggests 

stereochemistry also significantly affects the hydrogen bonding formation in copolymer 

systems. Moreover, both endo, endo, and endo, exo copolymers display higher 

proportions of the intramolecular and intra-unit H-bonds as compared to corresponding 

homopolymers. It should be noted that the preference of endo, endo structure for forming 

intra-unit H-bonds is exaggerated in copolymers as ~60% of the H-bonds in endo, endo 

copolymers are formed within the same repeat unit. This can be explained as norbornene 

dimethanol units become isolated in the copolymer chain, leaving the neighboring OH 

within the same repeat unit the most feasible one for H-bond formation. 

 

Table 5.4 Results of H-bond analysis for all simulated systems. 

Polymer 
Total H-

bonds 

Deg. of H-

bonding 

Intramolecular. 

H-bonds 

Intra-unit H-

bonds 

EVOH 784.3 58.5% 542.0 (54.2 %) NA 

H-PddNBdOH 1916.3 63.9% 1186.7 (61.9 %) 442.7 (23.1 %) 
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With increasing OH content, both endo, endo, and endo, exo copolymers show 

decreases in degree of H-bonding and increases in the fractions of intramolecular and 

intra-unit H-bonds. This is because that as OH concentration gets higher, OHs from 

different chains become more feasible, leading to an increase in the fraction of 

intermolecular H-bonds. Nevertheless, since the endo, endo structure favors intra-unit H-

bond, the fraction of intra-unit H-bond decreases slower with increasing OH content 

(from 61.8% to 57.2%) in endo, endo copolymers as compared to endo, exo ones (from 

47.5% to 34.3%).  

Considering the permeability PALS measurements in conjunction with the 

simulation studies, we can conclude that higher free volume hole size of H-PddNBdOH-

co-PNB films, which contributes to higher oxygen permeability, is correlated with their 

higher fraction of intra-unit H-bonds. This can be explained as the formation of intra-unit 

H-bonds may increase the chain rigidity which reduces the packing density and hence 

Table 5.4 (continued)    

H-PdxNBdOH 1479.0 49.3% 453.0 (30.6 %) 104.0 (7.0 %) 

H-P-10ddNBdOH-

co-90NB 
145.4 48.5% 125.3 (86.2 %) 89.8 (61.8 %) 

H-P-20ddNBdOH-

co-80NB 
318.6 53.1% 254.2 (79.8 %) 185.5 (58.2 %) 

H-P-30ddNBdOH-

co-70NB 
490.1 54.5% 392.2 (80.0 %) 280.4 (57.2 %) 

H-P-10dxNBdOH-

co-90NB 
59.9 20.0% 37.3 (62.4 %) 28.5 (47.5 %) 

H-P-20dxNBdOH-

co-80NB 
149.5 24.9% 73.1 (48.9 %) 51.3 (34.3 %) 

H-P-30dxNBdOH-

co-70NB 
295.5 32.8% 128.7 (43.5%) 81.6 (27.6%) 
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increases the free volume hole size. Moving forward towards high-performance barrier 

materials, an appropriate balance of inter-, intramolecular, and intra-unit H-bonding 

organization is necessary to achieve efficient permeability characteristics, where an 

excess of intra-unit H-bonding has been proved to have a negative impact on oxygen 

permeability. 

 

5.4 Conclusion 

The oxygen permeability of H-PddNBdOH-co-PNB and H-PddNBdOH-co-PNB 

was measured and compared via MOCON. With about 10% NBdOH content, H-

PddNBdOH-co-PNB exhibits much higher permeability than H-PdxNBdOH-co-PNB, of 

which permeability is comparable to EVOH with same OH content. PAL measurements 

revealed that the free volume hole size in the endo, endo copolymer is much higher than 

that in the endo, exo counterparts. The H-bond analysis was performed on the simulated 

structures of EVOH, PNBdOH homopolymers, and H-PNBdOH-co-PNB copolymers 

with NBdOH content from 10% to 30%. It was discovered chemical stereochemistry of 

the norbornene methanol affects the formation of hydrogen bonding. For both homo- and 

copolymers, endo, endo structure has a preference of forming intra-unit H-bonds, which 

contributes to a higher fraction of intramolecular H-bonds and a higher degree of 

hydrogen bond than endo, exo polymers. This propensity is even greater in copolymers as 

the OHs are more isolated which leaves the neighboring OH the only choice for H-bond 

formation. The fraction of intra-unit H-bonds in copolymers reduces with OH content as 

OHs from different chains become more feasible. Therefore, it is concluded that higher 

oxygen permeability of the H-PddNBdOH-co-PNB is due to its higher fraction of intra-
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unit H-bonds, which increases the chain rigidity and hence increases free volume hole 

size.  
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APPENDIX A – SUPPLEMENTARY FIGURES 
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Figure A.1 MALDI-TOF trace for the dendrimer G2 with a theoretical molecular weight 

of 1529.5 Da. 
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Figure A.2 The real part of the complex conductivity, σ′, as a function of frequency and 

the Jonscher fit for G2 (when the electrode polarization effect is not significant) 
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